
http://rcin.org.pl



Ewelina Kalwarczyk 

Nanoparticles in complex fluids 

Advisor: Prof. ICHF dr hab. Marcin Fialkowski 

The presented dissertation was prepared within 

the International Ph.D. in Chemistry Studies at the 

Institute of Physical Chemistry of the Polish Academy of Sciences 

Department of Soft Condensed Matter and Fluids 

Kasprzaka 44/ 52, 01-224 Warsaw, Poland. 

Biblioteka lnstytutu Chemii Fizycznej PAN 

F-8.446/13 

Warsaw, August 2012 

1111111111111 
9000000018!5!519 

http://rcin.org.pl



3. 

http://rcin.org.pl



Acknowledgements

I would like to thank my advisor, Professor Marcin Fiałkowski, for creating an outstanding

scientific community, his support and many priceless advices on my research.

Thanks to Professor Robert Hołyst, the Director of the Institute of Physical Chemistry PAS

and a head of Department of Soft Condensed Matter and Fluids, for creating the opportunity to

study in his department and for many fruitful discussions.

Thanks to all employees of the Department of Soft Condensed Matter IPC PAS for creating

a wonderful and inspiring scientific atmosphere. In particular, I thank Dr. Maciej Paszewski

for introducing me to the mysteries of the synthesis of nanoparticles. I thank Dr. Stefan A.
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Koncepcja rozprawy doktorskiej

Nanotechnologia jest prężnie rozwijającą się dziedziną nauki zapoczątkowaną w latach 50

XX wieku przez Richarda P. Feynmana wykładem „There’s Plenty of Room at the Bottom”.

Wykorzystuje ona obiekty o różnej strukturze przestrzennej oraz różnym składzie, jednakże

mające jedną podstawową cechę wspólną – rozmiar mniejszy niż 100 nanometrów. Metody

otrzymywania oraz charakteryzacja nanoobiektów o ściśle określonej geometrii i rozmiarze są

przedmiotem badań w ośrodkach naukowych na całym świecie. Współcześnie obserwujemy

bardzo intensywny transfer nanotechnologii z laboratoriów do codziennego życia. Nanocząstki

coraz częściej można znaleźć jako składniki leków, kosmetyków, farb, opon samochodowych,

opakowań produktów spożywczych a nawet tekstyliów. Często są one składnikami płynów

złożonych takich jak roztwory micelarne, roztwory polimerów czy uporządkowane fazy ciekłych

kryształów. Poznanie właściwości takich układów jest interesujące ze względów poznawczych,

umożliwiłoby także projektowanie materiałów o ściśle zadanej strukturze i właściwościach. Z

tego powodu celowym wydaje się zbadanie układów składający się z nanocząstek oraz płynów

złożonych o określonej strukturze takich jak roztwory micelarne oraz uporządkowane fazy li-

otropowych ciekłych kryształów.

W swojej pracy doktorskiej zbadam układy składające się z hydrofilowych, naładowanych

nanocząstek metali szlachetnych (Au oraz Ag) oraz półprzewodnikowych typu „core/shell”

– „jądro/otoczka” (CdSe/ZnS) wprowadzonych do płynów o różnym stopniu złożoności. W

przypadku układów o bardzo złożonej strukturze wewnętrznej – liotropowych ciekłych krysz-

tałów – zbadana zostanie możliwość wbudowywania nanocząstek do uporządkowanych faz, a

następnie możliwość tworzenia z nich stałych, porowatych struktur zawierających wbudowane

nanocząstki. Dla płynów o niższym stopniu złożoności (roztwory micelarne) zbadane zostanie

oddziaływanie pomiędzy micelami a nanocząstkami w zależności od stężenia oraz wielkości

części hydrofilowej surfaktantu.
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The concept of dissertation

Nanotechnology is a rapidly developing field of science started in the 50 century by Richard

P. Feynman’s lecture, "There’s Plenty of Room at the Bottom". It uses objects with differ-

ent spatial structure and a different composition, but with one major thing in common - a size

smaller than 100 nanometers. Methods of obtaining and characterization of nano-objects with

well-defined geometry and size are the subject of research in scientific institutions around the

world. Today we observe a very intense transfer of nanotechnology from laboratories to every-

day life. Nanoparticles are increasingly found as components of drugs, cosmetics, paints, tires,

food packaging and even fabrics. Often, they are components of complex fluids such as micellar

solutions, polymer solutions or ordered phases of liquid crystals. Understanding the properties

of such systems is interesting for cognitive reasons, it would also enable the design of materials

with well-defined structure and properties. For this reason it is advisable to investigate systems

consisting of nanoparticles and complex fluids such as micellar solutions and lyotropic ordered

phases of liquid crystals.

In my dissertation, I examine the systems consisting of hydrophilic charged noble metal

(Au and Ag) and semiconductor core/shell (CdSe/ZnS) nanoparticles immersed in liquids of

varying complexity. In the case of systems with very complex internal structure - lyotropic

liquid crystals - I examine the incorporation of nanoparticles into ordered phases, and then the

possibility to create solid, porous structures containing embedded nanoparticles. In the case of

fluids of lower complexity (micellar solutions) I examine the interaction between micelles and

nanoparticles depending on the concentration and size of the hydrophilic part of surfactant.
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Theses

1) Phase separation and ordering in the ionic surfactant-based systems can be obtained via

polymer-induced phase separation.

2) The polymer induced phase separation in systems consisting of surfactant and nanoparticles

can be used as a method for direct incorporation of nanoparticles into various ordered phases

of surfactants.

3) Fluorescence quenching of negatively charged semiconductor quantum dots in the presence

of nonionic surfactant is a result of formation of surfactant coating at the surface of the

quantum dots. The coating consists of two layers of surfactant molecules and and is formed

in adsorption process following the first-order kinetics.
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Abbreviations and symbols

f(κr) – Henry function

χ – molar fraction of negatively charged nanoparticles in the system

χ∗ – titration point

χAg – molar fraction of Ag-nanoparticles

ε – constant of the dimension of J/mol

η – viscosity of a fluid

Γ – parameter in DLS, inverse of inflection point of autocorrelation function

γpolyH2O – the activity coefficients of water in the polymer-rich phase

γsurfH2O – the activity coefficients of water in the surfactant-rich phase

κ−1 – Debye length

λ – wavelength

λem – emission (fluorescence) wavelength

µ0
H2O – the chemical potential of water in the standard state

µpolyH2O – the chemical potential of water in the polymer-rich phase

µsurfH2O – the chemical potential of water in the surfactant-rich phase

ν – the mass fraction of the polar solvent

φsalt – the molar fraction of a salt

φ?salt – the threshold molar fraction of salt

ψ – the fraction of the diffuse ions

p – percentage concentration of the polymer solution expressed in the form of a common

fraction

N – number of atoms in nanoparticle

Ns – number of atoms at the surface of nanoparticle

Nagg – aggregation number

Ps – percentage of surface atoms with respect to total number of atoms

τ – delay time

τq – time of quenching of quantum dots

θ – angle between incident ray and scattered plane

ε – dielectric constant of medium

εabs – molar absorption coefficient (attenuation coefficient)

ζ-potential – zeta-potential
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Abbreviations and symbols 8

A – absorbance

a – lattice constant for hexagonal phase

apolyH2O – activity of water in the polymer-rich phase

asurfH2O – activity of water in the surfactant-rich phase

B – fitting parameter in power-law equation

c – molar concentration of a sample

C0
NP – initial concentration of nanoparticles

c0
Ag, c0

Au – initial molar concentration of Ag- and Au-nanoparticles solution respectively

Cpol
NP – concentration of the nanoparticles remaining in polymer-rich phase after the phase

separation

C low
PEG – the lower threshold mass fraction of PEG

Cup
PEG – the upper threshold mass fraction of PEG

Cp – the mass fraction of polymer in the sample

C?
p – threshold mass fractions of the polymer

Cs – the mass fraction of surfactant in the sample

Cm
s – the minimal mass fraction of the surfactant in the surfactant-rich phase needed to get an

ordered (hexagonal) phase

cAg, cAu – temporary molar concentration of Ag- and Au-nanoparticles respectively

csurf – molar concentration of surfactant

D – translational diffusion coefficient

d – interplanar spacing, also - the distance between layers in lamellar phase

G(τ) – intensity-intensity autocorrelation function

h – the Planck’s constant

I – intensity of transmitted light

I(t) – intensity of scattering signal at time t, in DLS

I0 – intensity of incident light

Ib, Is – intensity of DLS signal comming from big and small particles respectively

kB – Boltzmann’s constant

l – absorption path length

mH2O – the mass of water

mpoly
H2O – the mass of water in the polymer-rich phase

msurf
H2O – the mass of water in the surfactant-rich phase
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Abbreviations and symbols 9

Mpoly – the molar mass of the polyelectrolyte

mpol – the mass of polar solvent

mp – the mass of polymer

msolv – the mass of solvent

Msurf – the molar mass of the surfactant

ms – the mass of surfactant

Mw – molecular weight

Mn – number-averaged molecular weight

Mw – weight-averaged molecular weight

n – the average number of counterions released from the dissociation of the polyelectrolyte

molecule

NLLC
NP – number of nanoparticles transferred into the LLC phase

N−, N+ – number of moles of the negatively and positively charged nanoparticles respectively

Nb, Ns – number of big and small particles respectively

Nsalt – the number of moles of the salt

Ns – the number of moles of the surfactant

NAg, NAu – number of Ag- and Au-nanoparticles in solution

Nsurf/QD – number of surfactant molecules attributable to one quantum dot

p – momentum of the particle

q – scattering vector

Q−, Q+ – total net charge over the negatively and positively charged nanoparticles, respec-

tively

QQD(−), QAg(−), QAu(−), QAg(+), QAu(+), – net charge of nanoparticles mentioned in subscript

R – the gas constant

r – radius of an object, for example nanocrystal

ra – atomic radius

rAg(+), rQD(−) – radius of Ag(+) and QD(-) nanoparticles, respectively

Rh,mic – hydrodynamic radii of micelles

Rh,QD – hydrodynamic radii of quantum dot

Rg – radius of gyration

Rh,b, Rh,s – hydrodynamic radius of big and small particles respectively

Rh – hydrodynamic radius
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Abbreviations and symbols 10

rmic – radius of the micelle

T – temperature

t – time

UE – electrophoretic mobility

V 0 – initial volume of nanoparticles solution

V pol – volume of the polymer-rich phase

VAg, VAu – volume of Ag- and Au-nanoparticles solution respectively

xpolyH2O – molar fraction of water in the polymer-rich phase

xsurfH2O – molar fraction of water in the surfactant-rich phase

xpoly – the molar fraction of the polyelectrolyte molecules in the polymer-rich phase

xsurf – the molar fraction of the surfactant

Z – number of oxygen atoms one PEG molecule

m – number of carbon atoms in the alkyl chain of CmEn

n – number of oxyethylene units in the polar head of CmEn

CmEn – polyoxyethylene glycol monoalkylether

NMe4OH – tetramethylammonium hydroxide

A – baseline of correlation function

Ag(+), Au(+) – silver and gold nanoparticles coated with positively charged ligand - TMA

Ag(-), Au(-) – silver and gold nanoparticles coated with negatively charged ligand - MUA

AgDA – silver nanoparticles coated with decanoic acid

AgMUA – silver nanoparticles coated with MUA

AgTMA – silver nanoparticles coated with TMA

AR – aspect ratio (i. e. length / width)

AuDDA – gold nanoparticles coated with dodecylamine

AuMUA – gold nanoparticles coated with MUA

AuTMA – gold nanoparticles coated with TMA

B – intercept of correlation function

CMC – critical micelle concentration

CPB – hexadecylpyridinium bromide

CTAB – cetyltrimethylammonium bromide

DA – decanoic acid

DDA – dodecylamine
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DDAB – didodecyldimethylammonium bromide

DLS – dynamic light scattering

DSS – dodecanesulfonic acid, sodium salt

DTAC – dodecyltrimethylammonium chloride

F(q) – form factor

FWHM – full width of half maximum

I (q) – total scattering intensity in SAXS

L – number of shells in nanoparticle

LLC – lyotropic liquid crystal

MUA – 11-mercaptoundecanoic acid

NPs – nanoparticles

PAAS – poly(acrylic acid, sodium salt)

PDDAC – poly(diallyldimethylammonium chloride)

PDI – polydispersity index

PEG – polyethylene glycol

PEI – polyethylenimine

PIPS – polymer-induced phase separation

PSS – poly(sodium 4-styrenesulfonate)

PVA – polyvinyl alcohol

QD – quantum dot

QD(-) – CdSe/ZnS core/shell quantum dots coated with negatively charged ligand

QY – quantum yield

S(q) – structure factor

SAM – self-assembled monolayer

SAXS – small angle X-ray scattering

SDS – sodium dodecyl sulfate

SEM – scanning electron microscopy

SERS – surface-enhanced Raman scattering

SPR – surface plasmon resonance

TBAB – tetrabutyl ammonium borohydride

TEM – transmission electron microscopy

TEOS – tetraethyl orthosilicate
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Abbreviations and symbols 12

TMA – N,N,N-trimethyl(11-mercaptoundecyl) ammonium chloride

TMOS – tetramethyl orthosilicate

TTAB – tetradecyltrimethylammonium bromide

WAXS – wide angle X-ray scattering
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1 Introduction

A modern, twenty-first-century chemistry, not only continues the research conducted in

previous centuries, but also brings together various branches of science and technology. The

overall objective of this action is usually the desire to create entirely new materials characterized

by an interesting combination of physicochemical properties. During the study described in

this dissertation I followed this trend, and connected selected issues of nanotechnology and soft

matter. In particular I combined nanoparticles (NPs), i.e. particles whose size is one billionth

of a meter, with liquids having complex internal structure. An example of this type of liquids,

called complex fluids, are solutions of surfactants and of polymers. One of the key achievements

of the research presented is the development of the method which allows the formation of new

"nanostructured" materials consisting of NPs enclosed in a soft or solid template of a prescribed

internal structure.

The dissertation is organized into four Chapters (Introduction, Experimental part, Results,

and Summary), each of which is further divided into Sections. Because this dissertation covers

selected issues of nanotechnology and of soft matter, the Introduction is divided into two sec-

tions. Section 1.1 contains the basics of nanotechnology, with particular emphasis on spherical

NPs, their properties, synthesis and self-organization. Section 1.2 introduces the main issues in

the field of soft matter, especially the behavior of surfactants and polymers in aqueous solutions.

The Experimental part, sums up the information related to experimental side of my research.

Section 2.1 includes basics of experimental techniques used in my studies. Section 2.2 describes

procedures for the synthesis and functionalization of NPs. Section 2.3 contains specification of

the chemicals used in experiments.

The essential part of this dissertation (Results) is divided into three sections. In Section

3.1 I described the phenomenon observed in solutions consisting of ionic surfactant, ionic or

nonionic polymer and water. I found, that the addition of a proper polymer induces the phase

separation process. Additionally, it may lead to ordering of molecules inside the surfactant-

rich phase. I named the observed phenomenon: the polymer-induced phase separation (PIPS).

In the case of ionic surfactants, PIPS is preferably caused by the addition of polyelectrolyte

with the same charge as that of surfactant. In Section 3.2 I demonstrated that polymer-induced

phase separation, described in Section 3.1, is a great tool to fabricate novel “nanostructured”
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materials. In particular, I showed that PIPS may be used to incorporate charged NPs into or-

dered phases of ionic or nonionic surfactants. Additionally, I succeed to convert this kind of

soft nanocomposite into solid form. In Section 3.3, I contained the results of studies on the

dispersion of NPs in fluids with a low degree of complexity, that is, in micellar solutions of sur-

factants. I demonstrated that non-ionic surfactants adsorb at the surface of NPs functionalized

with carboxylic acid groups. In the case of semiconductor quantum dots (QDs) functionalized

with COOH groups, the adsorption of surfactant leads to the quenching of fluorescence. Each

section of the Results is completed with separate section, which contains conclusions of the

results. The key findings of the dissertation are overviewed in Summary.
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1.1 Nanomaterials - properties, methods of synthesis, self-assembly, and

applications

Nanotechnology is a young and rapidly expanding field of modern science. In general, it

deals with creating, processing and use of materials whose size is of the order of one billionth

of a meter. Although the minimization in science is the observed trend for a long time, it is

difficult to define the start of nanotechnology. Many people link it with the lecture "There is

plenty of room at the bottom" by Richard Feynman. This lecture took place on December 26,

1956 at the annual meeting of the American Physical Society at the California Institute of Tech-

nology. During his lecture, Feynman did not use the term "nano" because it did not exist at

that time. However, he put on issues and ideas that are currently addressed by nanotechnology

and its tools [1]. This makes this American physicist, and Nobel prize laureate, a father of nan-

otechnology. The prefix "nano" came to the metric system in 1960, indicating a factor of 10−9.

Nano, from the Greek νανoς , means a dwarf that is something very, very tiny. The definition of

nanotechnology, however, appeared more than ten years later, in 1974, at the International Con-

ference on Precision Engineering. At this conference Noiro Taniguchi from Tokyo University

of Science, postulated that “Nano-technology mainly consists of the processing of, separation,

consolidation, and deformation of materials by one atom or by one molecule” [2].

As its building blocks nanotechnology uses nanomaterials. Although the International Union

of Pure and Applied Chemistry (IUPAC) does not specify a definition of nanomaterial, it is com-

monly accepted that nanomaterials are objects that have at least one dimension in the range of 1

and 100 nanometers. Nanoobjects are a kind of bridge between the world of atoms/molecules

and the world of complex microscopic structures formed by human or by nature. The compar-

ison of nanomaterials with objects of different sizes (from meters to tenths of a nanometer -

angstroms) is presented in Figure 1.

This Section focuses on nanomaterials and it is organised as follows: Section 1.1.1 dis-

cusses the main properties of nanomaterials resulting from their size. Section 1.1.2 focuses on

the basic methods of preparation of nanomaterials. Section 1.1.3 discusses methods of organiz-

ing nanomaterials in complex, hierarchical structure. Last Section (1.1.4) is devoted to selected

applications of nanomaterials in various branches of science and technology.
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Figure 1: Different size scales - a comparison of nanomaterials with different objects of a size
from meters to angstoms, formed by human or by nature. Meter-size is represented by animals,
buildings, plants and insects. Milimeter-size is depicted by the size of hair, pollens, microchips
and microfluidic systems. Micrometer-size objects are particularized by cells, bacteria, sperm
and polymer microspheres. Nanometer-size objects are represented by DNA as well as TMV
virus and angstrom-sized objects - by simple molecules like water or benzene. The examples of
synthetic nanomaterials are fullerenes, carbon nanotubes, metal NPs, nanorods, nanocubes and
nanoplates. Sources of images contained in this figure are collected on page 170.
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1.1.1 Selected properties at the nanoscale 

As shown in Figure I, the sizes of nano-materials are intermediate between the typical size 

of atoms (simple molecules) and size of microscopic objects. This fact accounts for unique 

properties of nanomaterials, which are presented in this Section. 

I. Size and the number of atoms 

What does the nano-size mean in practice? In the case of NP that has nano-size in all of 

its dimensions, nanometer size means that the particle consists of a few to several thousands of 

atoms. For example, the atomic radius of gold is 0.135 nm [31. This means that ten gold atoms 

arranged in a row give the total length of 2.7 nm. NPs are usually represented as spheres, but 

in reality, they can be well described by polyhedrons. The smallest ideal NPs, called clusters, 

consist of a strictly limited number of atoms arranged in shells. These defined number of atoms 

are called magic numbers. The relationship between the number of shells (L) and the number 

of atoms (N) in NP is described by the Equation (1) [41. Geometric solution of the Equation (1) 

with indicated number of atoms and number of shells is shown in Figure 2. 

No. atoms 13 
Shells 1 

55 
2 

N = 10L3 + 15L2 + llL + 3 
3 

309 
4 

561 
5 

1415 
7 

(1) 

Figure 2: Metal nanocrystals in closed-shell configuration with magic number of atoms. [SJ 

Perfect clusters exist not only in theory but are also isolated and characterized in prac

tice[~91 . Synthesis of such small structures with ideal geometry often requires a very sophis

ticated methods or experimental conditions . The geometry of typical NPs sometimes deviates 
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Clearly visible thing that makes nanomaterials differ from their bulk counterparts is the

number of atoms on the surface with respect to volume. Surface atoms are different from those

in the volume, even if we consider the same material. The reason for this difference is the

number of neighboring atoms, the so-called coordination number. The number of neighboring

atoms translates directly into surface energy of the atom, which in turn affects its reactivity.

Atoms with higher coordination numbers have lower surface energy and are, therefore, less

reactive. Inner atoms are surrounded on all sides by other atoms, which causes that they are

stabilized by their presence. Atoms on the surface, and, especially, at the edges or corners are

surrounded by smaller numbers of atoms, are less stabilized, and as a result have greater surface

energy. [10] Graphical illustration of the differences in coordination number on the example of

small crystal with simple cubic lattice is shown in Figure 3.

Figure 3: Schematic representation of different coordination numbers for small crystal with
simple cubic unit. The numbers of neighbours are: 6 (not indicated) for bulk atom, 5 (green)
for surface atom, 4 (violet) for edge atom, 3 (yellow) for corner atom and (orange) kink atom,
2 (red) for atom adsorbed on a step, and 1 (blue) for atom adsorbed on the surface.

In the case of a cubic crystal, each internal atom is surrounded by six other atoms. It has

the largest number of neighbors, which makes it the best-stabilized (it has the lowest surface

energy). An atom that is located on the crystal surface (green) has slightly smaller number of

neighbors (slightly higher energy). Edge (violet), corner (yellow) or kink (orange) atoms have

even higher energies by the fact that they are less stabilized. Atom that is adsorbed on the

surface (blue) has only one neighbor atom and as a result it is the less stable (has the highest

energy). Such adsorbed atoms are the most reactive in the whole crystal. Lower stabilisation

and higher energy is the reason for some specific properties of surface atoms like lower melting
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temperature or greater reactivity (including catalytic activity). The number of surface atoms in

respect to all atoms in the object is commonly described by the surface-to-volume ratio [10].

Let’s consider spherical crystal of radius, r, consisting of N atoms with atomic radius ra. In

this case, the total number of atoms

N =
4
3
πr3

4
3
πr3

a

=

(
r

ra

)3

(2)

and the number of atoms on the surface of the crystal, Ns is equal to

Ns =
4πr2

4πr2
a

= 4

(
r

ra

)2

(3)

Taking Equations (2) and (3) together, the percentage, Ps, of atoms on the surface with respect

to total number of atoms,

Ps =
Ns

N
× 100% =

4
(

r
ra

)2

(
r
ra

)3 × 100% = 4

(
r

ra

)−1

× 100% (4)

which finally gives:

Ps = 4N− 1
3 × 100% (5)

The geometrical interpretation of Equation (5) is shown in Figure 4.

Figure 4: Evolution of the fraction of the surface atoms as a function of total number of atoms
in the particle. [4] The calculation is based on Equation (5).
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According to Equation (5), the percentage of surface atoms is proportional to the cube root

of the total number of atoms in crystal. This means that for very small particles (consisting of

several atoms) exactly or nearly 100% of the atoms is located on the surface. As the number

of atoms in the cluster increases, the fraction of surface atoms decreases. When the number of

atoms is in the order of 107, the fraction of atoms on the surface is lower than 1%. In practice,

107 of atoms correspond to a crystal size of 150 nm. [4]

As already mentioned, the surface atoms are more reactive than those in bulk. This fact is

widely used in catalysis [11,12], in which the developed surface area is highly desirable. Nano-

materials fulfill this condition, therefore they are used as catalysts for various reactions. The

application of nanomaterials in catalysis is discussed in Section 1.1.4.

II. Shapes and composition of the nanocrystals

Nanomaterials are limited by size, but are not limited in shape. The most common nano-

materials are spherical NPs. However, these are not the only possible and the observed shapes

of nano-objects. Among non-spherical NPs, one can find: nanorods, nanowires, nanoplates,

nanocubes, nanotetrapods, and others. TEM images of nanomaterials with different shapes are

presented in Figure 5.

Figure 5: Selected nanomaterials with different shapes: (a) Au NPs [13], (b) Au nanorods [14],
(c) Au nanocubes [15], (d) Pd/Ag nanotubes [16], (e) Ag nanowires [17], (f) CdSe/CdS nanote-
trapods [18], (g) Au triangular nanoplate [19], (h) nanopyramids [20], (i) CoPt3/Au nanodumbells [21]

and (j) Au nanotadpole [22]
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Nanomaterials can be made of different starting materials. The most popular are nanoobjects

composed of one type of material - for example, metal NPs (Au, Ag, Pt, Fe, Co, Cd). Some

nanomaterials are composed of more than one type of atoms, for example, semiconductor CdSe

NPs or magnetic Fe2O3 NPs. In the case of nanomaterials composed of more than one type of

atom, there are two basic ways of arrangement of atoms within the material. In the first, the

atoms are uniformly distributed inside the material (like zinc and oxygen atoms in ZnO NP).

In the second, the atoms of different elements are found only in strictly defined areas of the

material (e.g. gold and silver atoms in Au (core)/Ag (shell) NP). In the case of core/shell NPs

atoms of one type are located within the inner sphere (core) while others form the outer layer

(shell) of the particle. In this dissertation, I deal with spherical metal NPs (gold and silver) and

spherical semiconductor core/shell NPs (CdSe/ZnS).

III. Optical properties of nanomaterials

Due to the basics of quantum mechanics, every particle is associated with its own matter

wave. The wavelength of this matter wave, λ, known as de Broglie wavelength, is described by

the Equation (6) in which h is the Planck’s constant and p is the momentum of the particle.

λ =
h

p
(6)

When the size of the object is within the nanoscale, the de Broglie wavelength is comparable

to its size. In such a case, the properties of the object begin to be dominated by the rules of

quantum mechanics. This is what makes the properties of nano-objects intermediate between

the properties of individual atoms and of bulk materials [23]. To illustrate the existence of inter-

mediate properties of nanomaterials, let us consider the evolution of the density of electronic

states with increasing size of the object. Each electron in an atom is ascribed to its own atomic

orbital of a discrete energy level. When we combine atoms to form a molecule, atomic orbitals

are mixed and form molecular orbitals. Those orbitals have also discrete energy levels. In bulk

materials consisting of huge number of atoms and as a result huge number of electrons, the

electronic structure is completely different. In this case the electrons are described as a super-

position of plane waves that are extended through the whole material. The resulting electronic

structure of a bulk material does not exhibit discrete energy levels but broad energy bands.

The electronic structure of a nanomaterials is intermediate between that of atoms or molecules
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and that of bulk solid. As in case of atoms and molecules the energy levels of nanocrystal are

discrete. There are, however, some differences. The density of energy levels is much larger

and the spacing between them is much smaller than in case of atoms or molecules. On the

other hand, the electronic structure of nanomaterials is similar to that observed for bulk materi-

als. Energy levels of nano-materials are also grouped into bands separated by energy gap. The

difference is that the spacing between energy levels in the bands are much larger than in bulk

materials. In nanomaterials, band structure is discrete rather than continuous [23]. As the size of

the nanoobject increases, the spaces between the energy levels decrease. For this reason even

small changes in the size result in significant changes of the electronic structure.

The electronic structure of nanomaterials and its changes with size gives rise to the size-

dependent absorption and fluorescence of semiconductor quantum dots [24]. As shown in the

Figure 6, maxima of absorption and fluorescence spectra of semiconductor QDs are moving

towards longer wavelengths while increasing the size of the nanocrystals. This phenomenon

is extremely sensitive to changes in particle size. As shown in the Figure 6, the resize of the

Figure 6: (a) Absorption and emission spectra of six different CdSe/ZnS core/shell QD disper-
sion and (b) photograph demonstrating the size-dependent fluorescence of QD dispersions. [24]

As the size of the CsSe core increases from 1.35 nm to 2.4 nm, the color of emitted light changes
from blue to red.

core of 1.05 nm, result in 100 nm change in emission wavelength. The overall fluorescence of

quantum dots is a result of two types of processes, that is, intrinsic states emission and surface

states emission. Surface states are energy levels localized in the surface region of material [25].

The proportion between intrinsic and surface states emission depends on the composition of

QD. It was recently shown [26] that the contribution of surface states emission is nearly 70% in

case of CdSe core QDs. It was also shown that the pasivating of CdSe core with ZnS shell
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results in drop of this contribution to about 30%.

Size-dependent changes in optical properties are observed not only in the case of semicon-

ductor QDs, but also in metal nanocrystals. Colloidal solutions of metal NPs also exhibit strong

absorption of visible light (see Figure 7) . Location of maximum of absorption also changes

(shift toward longer wavelengths) with increasing size of the NPs. This shift, however, is much

smaller than in the case of semiconductor NPs. As shown in Figure 7, sizing NPs from 30 to

100 nm (i.e. 70 nm) changes the position of absorption maximum of about 50 nm.

Figure 7: (a) The absorption spectra of Au NPs of a different size. The arrow indicates the
direction of shifting the position of the absorption maximum with increasing size of the NPs.
(b) The pictures of corresponding NPs solutions [27].

Although the change in optical properties is evident both in the case of semiconductor and

metal NPs, the origin of this phenomenon in both cases is different. As it was discussed, the

absorption and the emission spectra of semiconductor nanocrystals are a consequence of transi-

tions between quantized energy states. However, the shape of the absorption spectra of metallic

NPs (and other metal nanostructures of a dimension smaller than the wavelength of an exciting

light) result from collective oscillation of electron density at the surface. This phenomenon is

known as surface plasmon resonance, SPR [28,29] and it is shown schematically in Figure 8.
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Figure 8: The scheme of surface plasmon resonance - collective oscillations of electron density
at the surface of small metal particles: (a) spherical particle [30], (b) rod-like particle [31]. (c)
Surface plasmon absorption of gold nanocrystals differing in shape and size (AR refers to aspect
ratio, that is the proportion between length and width of nanorod) . [29]

The position of the maxima of absorption (and observed color of the sample) reflects the

frequency of electron oscillations. It depends on the type of metal (usually gold, silver or plat-

inum), size, size distribution and on the surrounding medium [30]. Surface plasmon absorption

is also very sensitive to the shape of the nanostructure, for example: spherical particles have

one absorption band whereas nanorods have two bans corresponding to the electron oscillations

perpendicular and along the major axis of the nanorod (transverse and longitudinal band re-

spectively). [32] As it was mentioned, in the case of spherical NPs, the maximum of absorption

shifts towards longer wavelengths as the size of particles increases. Similarly, in the case of

nanorods, the maxima of absorption corresponding to transverse and longitudinal modes shift

toward longer wavelengths as the nanorod increases in its size and length, respectively. The first

(and still current) explanation of the optical properties of colloidal solutions of gold, and other

solutions containing spherical NPs of metal, was proposed by the German physicist Gustav Mie

in 1908. In his work [33,34], he explained the shift of the absorption maximum with increas-

ing size of NPs by solving Maxwell’s equations. He stated that, in general, the absorption of

spherical gold solutions is a result two properties of the metallic gold: the absorptivity and the

reflectivity. The color of the colloidal gold solution is a result of balance between these two

properties.

http://rcin.org.pl



Nanomaterials - properties, methods of synthesis, self-assembly, and applications 25

1.1.2 Nanoparticle synthesis and modification of their surface

As illustrated schematically in Figure 9, there are, in general, two types of approaches to

the synthesis of nanomaterials: top-down and bottom-up. The top-down approach refers to

the physical techniques and procedures in which nanomaterials are formed from bigger, bulk

structures by the reduction of their size. The examples are grinding [35], etching [36] or litogra-

phy [37]. The bottom-up strategy relates to the methods in which nanomaterials are produced

directly from atoms or molecules. The most common example is the wet chemical synthe-

sis of nanocrystals [38–42], that is the synthesis of nanomaterials from simple organic/inorganic

compounds in liquid medium. Selected examples of chemical synthesis of nanomaterials are

discussed further. In this dissertation NPs were prepared using bottom-up approach, as is is

described in details in Section 2.2.1.

Figure 9: Two approaches to the synthesis of nanomaterials: from left – top-down approach,
from right – bottom-up approach.

Although the bottom-up approach is nothing new in chemistry (colloidal chemistry has been

practiced for centuries), the interest in this method of preparation of nanomaterials is still large.

This interest is reflected by the number of publications and books on this subject. In particular,

according to “Web of Knowledge” database the number of publications on nano synthesis ex-

ceeds 9 000 results. Among those publications one can easily found the description of chemical

synthesis of nanomaterials of different shapes (e.g. spherical NPs [40,43], nanorods [14,31]), com-

position (e.g. Au [13,39,40,42], Ag [13,40,44], Pt [40,45,46], Co [47]), size [48,49], and size distribution [40,49].

Even for spherical gold NPs there are many possible synthetic routes [43,50,51]. There are also

several ways of classification of these methods. One of them is the distinction between single-

phase and biphase methods. In the case of the single-phase methods, all chemical reactions

leading to the formation of NPs take place in one and the same phase. This phase can be

http://rcin.org.pl



Nanomaterials - properties, methods of synthesis, self-assembly, and applications 26

aqueous (like in case of so called “citrate reduction“ introduced by Turkevich [38]) or organic

(like in the method described by Jana and Peng [40] – the one used in this dissertation). In the

biphase method, the synthesis of NPs is carried out in two-phase system (consisting of polar

and nonpolar phase). In this case some processes occur in polar phase (e. g. dissolution of the

metallic precursor) and the rest (e. g. reduction of the precursor and stabilization of NPs) in the

nonpolar phase. Biphase methods require the use of phase-transfer reagent, which enables the

transfer of appropriate reagents through the phase boundary. An example of biphase method

is the Brust-Shriffin method [39]. The desired size of NP is obtained either in one [39,41] or

in two-step [40,42,49] (so called “seeded-growth“) procedure, the last of which was used in this

dissertation. One can also find more sophisticated methods of Au NPs synthesis conducted

in surfactant matrices [52–56] (micelles or ordered phase), microemulsions [57] and the methods

involving physical processes like thermolysis [58] or laser ablation [59].

A common feature of wet chemical synthesis of metal NPs is the reduction of precursor

metal compound to the form of atoms and subsequent self-assembly of those metal atoms to

the form of smaller or bigger clusters. Typical precursors in the synthesis of gold NPs are

AuCl3
[40], HAuCl4

[38,39,60,61] and AuCl(PPh3) [13]. The most popular reducing compounds used

in the synthesis of gold NPs include NaBH4
[39,61], hydrazine [40], tetrabuthylammonium borohy-

dride [40], tetraoctylammonium bromide [39] and acetic acid [61]. In the case of two-step reactions

(like the one used in this dissertation), two different reducing agents are used. The first reducer

(stronger one, for example tetrabutyl ammonium borohydride) is used to reduce the precursor

to the form of small NPs called ”seeds“. Second reducing agent (weaker one, e.g. hydrazine)

is used to induce growth of small NPs into bigger once. The activity of the reducing agent used

in growth step is typically too weak to reduce metal ions without presence of nucleation centers

(seeds) [49]. The use of two reducing agents of different reducing activity allows for synthesis of

large NPs with low size distribution [49].

Due to the very high surface energy, nanomaterials are metastable state of matter, and they

tend to aggregate without appropriate protection. To ensure the stability of NPs and protect

them against the aggregation, the synthesis is typically conducted in the presence of com-

pounds that form protecting shell. The type of capping substance depend on the material of

nanocrystal and its further application. In case of gold colloids the most popular coating lig-

ands are sulfur-containing organic compounds like thiols [39] or disulfides [62]. This is due to the

http://rcin.org.pl



Nanomaterials - properties, methods of synthesis, self-assembly, and applications 27

high affinity of sulfur to gold. Other types of ligands used to protect NPs against aggregation

include amines [40] and phosphines [63]. Absorbed ligands form a monolayer at the surface of

nanocrystal. The molecules in this layer are ordered which causes that they are often called

self-assembled monolayers (SAMs). Nanocrystals stabilized with coating layer are commonly

known as monolayer protected clusters. The scheme of self-assembled monolayer formed by

thiols on a gold surface together with the anatomy and characteristics of the layer is shown in

Figure 10b.

Figure 10: (a) Scheme of a NP coated with protecting layer of thiols. (b) Scheme of ideal
self-assembled monolayer (SAM) of alkanethiolates supported on a structure of gold NPs. [64]

As it was mentioned, the primary role of capping agents is to ensure the stability of nanocrys-

tals. It is however not the only one. The second one is to provide desired properties like hy-

drophilicity, hydrophobicity, the presence of defined charge or biocompatibility. This cause that

the chemistry of coating ligands is very rich and sophisticated. There are three approaches to

introduce desired functional group on the NP, as it is shown schematically in Figure 11. The

first one is the synthesis of NPs in the presence of proper stabilizing ligand [39] (Figure 11a).

The second one involves the synthesis of NPs coated with intermediate ligand and then modify

the ligand during subsequent reactions [65,66] (Figure 11b). The third approach is to synthesize

NPs with stabilizing ligand of a one type and than replace it with another one during, so called,

ligand exchange reaction [40,67] (Figure 11c). The original ligand may be replaced completely

or partly. This depends on many factors including the affinity of ligands head group to the NP

surface, chain length of ligands and their steric bulkiness [65,66,68] . In particular, in case of gold

NPs, amines are replaced totally by thiols due to higher affinity of sulfur to gold [69].
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In this dissertation, as a final product, I used thiol-coated metal NPs. The desired coverage

was obtained using the ligand exchange approach, (cf. Figure 11c) using amines as interme-

diate stabilizing ligands. The exact procedures of NP synthesis and their surface modification

employed are described in Section 2.2.1.

Figure 11: Three ways to achieve proper coverage of the NP: (a) direct synthesis using the
appropriate ligand, (b) modification of the ligands on the NP surface and (c) ligand exchange
reaction.
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1.1.3 Self-assembly of nanomaterials

One of the main tasks of nanotechnology is the use of nano-objects to create more complex

structures. Apart from special cases such as the movement of atoms with scanning tunneling

microscope [70], it is extremely difficult to manipulate individual atoms or nanoobjects, so that

they form a specific pattern or structure. The easiest way to attain this objective is to involve

the forces of nature (laws of chemistry and physics) to do the job. This approach, often referred

to as the self-assembly, is used both for creating nanoobjects of a certain size and shape (as

outlined in the previous Section) and to create higher hierarchical structures using nano-objects

as building blocks. Self-assembly is also the method used in this dissertation to synthesize NPs

(compare Section 2.2), and to fabricate "nanostructured" materials (see Sections 3.2 and 3.3).

Some examples of self-assembled nanomaterials are shown in Figure 12.

Figure 12: The examples of nanomaterials assemblies: a) Ag NPs assembled into two-
dimensional hexagonal close packed structure [71], b) magnetic γ-Fe2O3 NPs assembled into
nanowires upon magnetic field [72], c) gold nanorods assembled into ring (end-to-end fashion)
during solvent (CH2Cl2) evaporation [73], d) oppositely charged NPs assembled into diamond-
like (ZnS) crystals with truncated tetrahedron morphologies [67].

Self-assembly is defined as “autonomous organization of components into patterns or struc-

tures without human intervention” [74,75]. It can be driven either by direct intermolecular in-

teractions (hydrogen bonds, hydrophobic interactions, van der Waals interaction, electrostatic

interaction or molecular recognition reactions), by using external fields/forces [76] (magnetic,

electric or flow field) or templates. In the last case, the term template refers to any surface-

modified object containing active sites suitable for selective NP deposition [77]. The examples of

commonly used templates are surfactants and polymers [78].

Self-assembly is commonly divided into dynamic and static [74]. The distinction between

these two types is associated with energy dissipation. In the case of dynamic self-assembly,
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the interaction responsible for the creation of structures or patterns appear only if the system

dissipates energy [74,79]. The structure formed via this type of self-assembly evolves depending

on the amount of energy supplied to- and dispersed from the system [79]. Most examples of

dynamic self-assembly can be derived from nature, e.g. bacterial colony growth, mitosis in

eukaryotic cells, reaction-diffusion waves in Belousov-Zabotynski reaction or Rayleigh-Bénard

convection cells. Given the fact that nature is a source of inspiration for nanotechnology, the

interest in dynamic self-assembly is growing, although it is a challenge for researchers. There

are several works devoted to the foundations of a dynamic self-assembly [79] however, in general,

the process is poorly understood.

As the design and control over dynamic self-assembled structures is a difficult task, most

of research is focused on the second type of self-assembly, that is, on static self-assembly. In

this case, the system is in global or local equilibrium and it does not dissipate energy. The

structure formed via this type of self-assembly is fixed which means that once it is formed

it does not change under the influence of external conditions. [79] For this reason, most exam-

ples of static self-assembly structures include crystals (atomic, ionic or molecular). Another

example are complex structures formed by thermo- or lyotropic liquid crystals (which are dis-

cussed in Section 1.2.3), block copolymer assemblies or molecular sieves. Static self-assembly

is also represented by self-assembled monolayers and various equilibrium structures composed

of nanomaterials.

In this dissertation, I used the static self-assembly in several variants. Firstly, to create NPs

and coat them with protecting, self-assembled monolayers (see Section 2.2). Secondly, to obtain

various ordered structures of surfactants (see Section 3.1). Finally, to form diverse soft and solid

nanocomposites (see Section 3.2).
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1.1.4 Applications of nanoparticles

Despite the fact that nanotechnology is a relatively young field of science, nanomaterials are

already used in many branches of both the science and technology. Furthermore, new, promising

applications of nanomaterials still come to light. To narrow the considerations of this Section, I

selected only some of the most important applications of nanomaterials, with special emphasis

on the use of spherical NPs.

I. Catalysis.

One of the basic application of nanomaterials, especially metal NPs , relates to cataly-

sis [11,12]. Despite the fact that some metals, like gold, do not exhibit catalytic activity in bulk,

they are good catalysts when their size is reduced to the nanoscale. This results from the in-

crease of the percentage of surface atoms, discussed in Section 1.1.1. The examples of chemical

reactions that are catalysed by gold NPs include: CO [80,81] and CH3OH [82] oxidation, O2 reduc-

tion [83,84] and hydrogenation of unsaturated compounds [85]. Limiting factor of the catalytic

activity is the development of the surface. For this reason, to get the best performance of the

NP-containing catalyst, NPs must be well-separated. This goal is achieved by the use of spe-

cific supports on which NPs are deposited. The examples of such supports are oxides (Co3O4,

Fe2O3, TiO2) [86] and mesoporous silica [87]. Catalysts containing NPs are prepared in various

ways including precipitation of NP on the substrate, chemical vapor deposition [88], pulsed laser

deposition [89] or direct growth of nanostructures in/on the support [90].

II. Biology and medicine.

Another area of application of nanomaterials refers to biology and medicine [91–95]. This fol-

lows from two simple facts. First, the size of the NPs is smaller than the size of the cells. In

fact, NPs are comparable (in the terms of size) with cell components. Second, NPs can be easily

functionalized with biomolecules such as proteins or DNA. This causes that nanomaterials can

be easily introduced to various locations within the cell. NPs can be used for example: as drug-

delivery agents [96], in the phototermal therapy of cancer [97] or to detect specific nucleotides [98].

Recently, the group of Opałło shown that film electrodes prepared by layer-by-layer assembly

of oppositely charged NPs (gold/carbon [99], carbon/carbon [100], silicate/carbon [101]) can be used

for selective detection of biologically important molecules, such dopamine [101]. Semiconductor
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NPs are often used as fluorescent markers to visualize specific areas within the cell. [24,91,102,103]

In this field, semiconductor NPs have many advantages compared to existing, traditional mark-

ers. [104] First of all, they have greater photostability what causes that observed samples do not

fade under the influence of long continuous illumination. Additionally, multicolor images can

be obtained simpler – by a single wavelength excitation of cells tagged with NPs of different

size.

III. Optical applications

Wide branch of NPs applications is related to their optical properties, discussed in Sec-

tion 1.1.1. Optical application of NPs are different in case of metal and semiconductor NPs. In

case of metal NPs, the applications relates mainly to surface plasmon absorption. An example is

optical detection of various molecules based on the changes of absorption spectra of NPs in so-

lution [105,106]. Another example of optical application of metal NPs are surface-enhanced Raman

scattering (SERS) substrates [107] that can be used to detect molecules adsorbed on the surface.

Metal NPs are also proposed to be useful as components of nonlinear optical devices [108]. In

the case of semiconductor nanocrystals, the optical applications are based on specific electronic

structure. A lot of works relate to the use of QDs in electroluminescent devices such as light

emitting diodes [109–111], solar cells [112–116] or lasers [117].

IV. Other applications

In addition to catalytic, bio-inspired and optical applications, nanomaterials find their place

in various fields of science and technology. First of all they are used as doping materials to

improve the mechanical properties of materials [118]. Nanomaterials are used as components of

textiles, for example in water- [119] and oil-resistant [120] clothes or in antibacterial fabrics [121].

They are also used as components of cosmetics, in particular ZnO and TiO particles are used to

provide UV protection.

At present, it seems that the future of NPs lies in the field of smart materials that are capable

to self-organize or take specific functions in response to external conditions. Such materials

should lead to the development of a new generation of electronic devices, especially computers.
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1.2 Complex fluids

In the previous Section (1.1) I discussed various aspects of nanomaterials and reviewed the

use of NPs in selected branches of science and technology. Note that in practical applications,

NPs are mainly used as modifiers (for example as cosmetic ingredients or as the catalytic cen-

ters in the catalysts). In such cases, they are not alone but in company of other materials. In

particular, NPs occur together with complex fluids, which are the subject of discussion in this

Section.

The notion of a complex fluid can be explained by reference to a simple fluid. Simple fluids

are those that do not posses any internal structure. They are homogeneous at the molecular

level. Examples are pure solvents or typical solutions (what we intuitively understand under the

concept of solution). Complex fluids are those that have internal structure and are heterogeneous

at the molecular level. Examples include micellar solutions of surfactants and solutions of

polymers (polymer networks). Quite often, the structure of complex fluids is periodic. This

periodicity occurs, for example, in ordered phases of surfactants and of liquid crystals. Selected

examples of complex fluids are schematically shown in Figure 13.

Figure 13: Schematic representation of selected examples of complex fluids: (a) micellar solu-
tion of surfactant, (b) a polymer network, (c) the hexagonal phase of surfactant, (d) smectic-A
phase formed by rod-like liquid crystal.

This Section provides the description of the main properties of surfactants and polymers

- complex fluids used in this dissertation. Section 1.2.1 defines the concept of surfactant and

presents the main division of these substances. Sections 1.2.2 and 1.2.3 describe phase behavior

of surfactants: gathering at interfaces, micellization and formation of ordered phases. Sections

1.2.4 and 1.2.5 discuss basic concepts of polymers and polyelectrolytes. Section 1.2.6 deals with

a variety of interactions between surfactants and polymers. The last Section (1.2.7) reviews the

use of surfactants to create mesoporous silica.
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1.2.1 Surfactants

The term surfactant stands for surface active agent. It describes substances that act on

the surface and decrease surface tension or interface tension (by adsorbing at air/liquid or liq-

uid/liquid interface) [25]. Surfactants are the specific group of organic compounds that are am-

phiphilic. It means that every surfactant consist of two basic parts: one that is soluble in a

given fluid (lyophilic) and the second that is insoluble in this fluid (lyophobic). When water is

used as solvent, then we say about hydrophilic and hydrophobic part, respectively. Schematic

representation of surfactant molecule is shown in Figure 14.

Figure 14: Schematic representation of surfactant molecule. Hydrophilic unit (head) is shown
in blue and hydrophobic unit (tail) is shown in grey.

Typical amphiphile molecule consists of one hydrophilic (“head”) and one hydrophobic

(“tail”) part. The polar part of the surfactant can be ionic (like sulfate) or nonionic group (like

polyoxyethylene chain), and the character of this unit determines most of the properties of the

amphiphile. Hydrophobic unit is usually linear or branched hydrocarbon chain of a length 8

– 18 carbon atoms [122]. As it was mentioned, typically, one hydrophilic head is connected

to one hydrophobic tail. There are, however, some exceptions such as molecules containing

more hydrophobic units. There is also a specific group - gemini surfactants - that consist of

two identical, twin, molecules whose hydrophilic units are connected with few carbon atoms

spacer [122].

I. Classification of surfactants

The nature of the hydrophilic part is diverse and therefore it is used as the main criteria

of surfactants’ classification. In general, we can distinguish three main groups of surfactants:

ionic (anionic, cationic), nonionic and zwitterionic. Classification of surfactants with respect to

the nature of the hydrophilic group is shown in Figure 15. Individual groups of surfactants are

discussed below.

http://rcin.org.pl



Complex fluids 35

The ionic class of surfactants is the largest one. It divides into anionic and cationic subclass

with respect to the charge of the polar group. In anionic surfactants, the hydrophilic unit is

negatively charged. It can be realized by few types of groups, from which the most common

are: carboxylate, sulfate, sulfonate and phosphate. The counterions used are typically sodium,

potassium, ammonium, calcium, magnesium and various protonated alkyl amines. Anionics are

the most popular of all types of surfactants (especially in the detergents formulation) what is

caused by the simplicity and low cost of their manufacture. The most common example of an-

ionic surfactant is sodium dodecyl sulfate, SDS, consisting of negatively charged sulfate group

attached to 12-carbon linear alkyl chain. SDS is a component of a wide range of industrial prod-

ucts such as engine degreasers, floor cleaners and car wash soaps. It is also used in cosmetics

like toothpastes, shampoos, shower-gels and shaving foams [122,123].

Figure 15: Classification of the surfactants due to the charge of the polar head. Ionic surfac-
tants may have either negative charge - anionic (a) or positive charge - cationic (b). Nonionic
surfactants (c) do not have any charge, and zwitterionic have two subunits with both negative
and positive charge.

In the case of cationic surfactants, the polar group carries the positive charge. It is mainly

realized by introducing of nitrogen atom in the form of amine or quaternary ammonium salt.

Due to the positive charge, cationics adsorb strongly on negatively charged surfaces like met-

als, minerals, plastics or fibers. Therefore, most of their applications (anti-corrosion agents,

dispersants, antistatic agents, fabric softeners, hair conditioners) are related to their adsorption

properties [122,124]. The example of the cationic surfactant is cetyltrimethylammonium bromide,
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CTAB, in which the positive charge comes from ammonium group and the hydrophobic tail is a

16-carbon linear alkyl chain. CTAB and other cationic surfactants are widely used as stabilizers

in synthesis of gold nanomaterials of a different shapes including spheres [40] and rods [17,125].

In nonionic surfactants, the polar group is usually polyether chain and rarely polyhydroxyl

chain. Because of the polymeric character, the size of the hydrophilic unit may be varied nearly

at will. In practice, it rarely consists of more than 10 subunits. The particularly important group

of nonionic surfactants are the fatty alcohol ethoxylates (also known as polyoxyethylene glycol

monoalkylethers). They are abbreviated to CmEn where m denotes the number of carbon atoms

in the alkyl chain and n is the number of oxyethylene units in the polar head. CmEn surfactants

are used in liquid and powder detergents as well as in various industrial applications [122,126].

In zwitterionic surfactants the polar group contain two charged subunits with opposite

charge. The positively charged group is almost always ammonium group. The negatively

charged group may vary, however the carboxylate is the most common. Zwitterionic surfactants

are sometimes called amphoteric, however this two terms are not equal. Amphoteric surfactants

also contain two subunits, however neither cationic nor anionic site is permanently charged.

The net charge of the substance varies with pH. When the pH changes from low to high the

net charge of amfoteric surfactant changes from cationic, through zwitterionic to anionic. As a

result amfoteric surfactant has stable zwitterionic form only in a certain pH range [122,124].

In this dissertation I used selected ionic surfactants, both anionic and cationic, as well as

C12En nonionic surfactants. All surfactants used are specified in Section 2.3.
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1.2.2 The main properties of surfactants - gathering at interfaces and micellisation

The size and nature of both hydrophilic and hydrophobic part influences to some extent

the properties of the surfactant. One of them is a tendency to gather at the interface. In case

of air/water interface, surfactant molecules arrange themselves in such a way that hydrophilic

parts stay in water whereas hydrophobic parts stay in the air to minimize their contact with

water. Similarly, in case of oil/water interface hydrophilic heads stay in water phase while

hydrophobic tails are directed into the oil phase, as it is shown in Figure 16a.

Figure 16: Schematic representation of (a) surfactant molecules at the air/water (or oil/water)
interface (b) normal, spherical micelle.

In solution, surfactant molecules present another interesting property - self-assembling into

bigger aggregates called micelles [127]. The core of the normal micelle is hydrophobic and it is

composed of hydrophobic hydrocarbon chains. The surface of normal micelle is hydrophilic and

it consists of polar units of surfactants. The shape of the micelle may be spherical or extended

(ellipsoidal or rod-like) and it depends on the geometrical proportion between “head” and “tail”

subunit [127,128]. For some surfactants, the shape of the micelle can vary with the concentration

of surfactant in the solution. Schematic representation of a normal, spherical micelle is shown

in Figure 16b.

Surfactants form micelles above certain concentration called critical micelle concentration,

CMC. CMC is defined phenomenologically (for given temperature) as a point in which the

number of surfactants’s molecules associated into micelle increases sharply. Below CMC, the

surfactant molecules are freely dispersed in the solution and the quality of such dispersion is

defined by the solubility of the compound. Above CMC, micelles coexist with free unassoci-

ated molecules, called unimers. CMC depends strongly on the surfactant structure and other

parameters like temperature, presence of salt or cosolutes [127,129]. The number of molecules that

form the micelle may vary because of the fact that the micelles are in equilibrium with unimers.
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The average number of surfactant molecules that form micelle is referred to as the aggregation

number, Nagg
[127,128].

1.2.3 Ordered phases formed by surfactants

As it was discussed in the previous Section (1.2.2), above CMC surfactant molecules bring

together to form micelles. Usually, they are initially spherical and gradually elongate to the rod-

like form. Further increase of surfactant concentration, leads to the arrangement of surfactant

molecules into geometrically more complex structures, called phases. The arrangement of sur-

factant molecules (or group of its molecules) in such phases is very similar to the arrangement of

molecules within phases formed by normal (thermotropic) liquid crystals. Thus the surfactants

are often referred to as lyotropic liquid crystals, LLC. The prefix “lyo-” indicates that ordered

phases are formed under the influence of solvent and as a result the type of the ordered phase

is determined mostly by amphiphile concentration. This distinguishes surfactants from typi-

cal (thermotropic) liquid crystals, that is rod-like or disk-like molecules, for which the type of

ordering is governed mainly by temperature [130–132]. The most common LLC phases are: hexag-

onal, lamellar, cubic and their corresponding reversed phases [133,134]. Schematic representation

of these phases is shown in Figure 17a, b, c.

Hexagonal phase is formed by infinitely long (at least in theory) cylindrical micelles ar-

ranged in hexagonal array. The interior of those micelles is formed by hydrocarbon chains,

whereas the exterior is formed by polar head groups. The schematic representation of hexag-

onal phase is shown in Figure 17a. Lamellar phase (see Figure 17b) have a sandwich-like

structure. It consists of parallel bilayers of surfactant separated with the layers of water. Each

bilayer is a plane-like structure consisting of surfactant molecules arranged into tail-to-tail fash-

ion and as a result - shielded by the polar groups from the contact with water. Cubic phase

is the most complicated structure formed by surfactants. This is bicontinuous phase consist-

ing of two independent, non-crossing water and surfactant channels. The surfactant sublattice

is sometimes referred as branched micelle. The cross section of such structure is similar to

that observed for elongated micelle: hydrophobic core surrounded by hydrophilic corona. Un-

like the others, cubic phase one may exist in several different types designated as Ia3d, Pn3m,

Im3m. The common feature of all cubic phases is the bicontinuous nature. Schematic repre-

sentation of cubic phase is shown in Figure 17c. Reversed phases are the last group of LLC
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Figure 17: Types of ordered phases observed in surfactant/water systems: a) hexagonal, b)
lamellar, c) cubic phase, d) reversed micelle.

phases. The difference between normal and reversed phase is in the way of arranging the sur-

factant molecules into subunits. In normal phases the interior is hydrophobic and the exterior

is hydrophilic whereas in reversed (micellar, hexagonal, cubic) phases the core is formed by

hydrophilic head-groups and the corona is formed by hydrophobic hydrocarbon chains. The

example of the reverse phase - reversed micelle is shown schematically in Figure 17d. All the

complicated self-assembled structures of surfactants are made up of smaller subunits, such as

micelles (spherical or elongated) and bilayers. This makes, that the phases differ in the degree

of continuity. Hexagonal phase is continuous in one dimension, lamellar is continuous in two

dimensions and cubic phases have a three-dimensional continuity [133,135]. This also causes that

with increasing concentration of surfactant in surfactant/water binary mixture (thus increasing

complexity of their internal structure), the viscosity of such mixture increases significantly.
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According to the definition of LLC, the occurrence of various phases is determined by the

composition, that is the ratio between surfactant and solvent in a binary mixture. For practical

reasons, the existence of ordered phases of surfactants is presented graphically on the tempera-

ture vs composition graph. This type of graphs are called phase diagrams. The typical sequence

of the occurrence of individual phases in surfactant/water binary mixture, with increasing the

concentration of surfactant, is as follows. Firstly, below CMC, the solution contains free, unaso-

ciated surfactant molecules. Then, above CMC, miceles start to form. After that, there are suc-

cessively: hexagonal, cubic and lamellar phases. Finally, one or more reversed phases and solid

surfactant. Topology of the phase diagram of surfactant is schematically shown in Figure 18.

Figure 18: Typical topology of the phase diagram for surfactant/water binary mixture. [129] The
graphical panels on the diagram represents (from left to right): the solution of free surfactant
molecules, micellar (L1), hexagonal (H1), cubic (V1), lamellar (Lα) and reversed micellar (L2)
phase respectively.

It should be noted that each surfactant has its own unique phase diagram. Even small mod-

ification of the structure, such as the type of counterion in ionic surfactant or the number of

oxyethylene units in polar group of nonionic surfactants CmEn, may change the phase diagram

significantly. It is also worth to notice the fundamental differences between the phase dia-

grams of ionic and nonionic surfactants. In the case of ionic surfactants, phase behavior is de-

termined almost exclusively by the composition of a binary (surfactant/water) mixture and the

temperature has a negligible effect. The sequence of occurrence of ordered phases is generally

consistent with that shown in Figure 18, that is after the micellar solution there are succes-

sively hexagonal, cubic, lamellar, reversed phases and solid surfactant. In the case of nonionic

surfactants, particularly surfactants with oligo (ethylene oxide) chain as the polar group, the
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temperature significantly affect the phase behavior of binary mixture. At relatively low tem-

peratures, the sequence of phases LLC is the same as for ionic surfactants and consistent with

the presented in Figure 18. An important difference occurs during increase the temperature of

binary mixture of a fixed composition. In particular, heating of the micellar solution (with fixed

composition) usually leads to turbidity of the solution. This turbidity is caused by the sponta-

neous division of of the solution into two phases differing in the concentration of surfactant.

Further increasing the temperature of the mixture leads to a sequence of new phases such as

sponge phase or reversed micellar phase. This behavior of non-ionic surfactants is caused by

the decrease in hydrophilicity of the oxyethylene groups with increasing temperature and as a

result, weakening their interaction with water molecules [136]. Examples of phase diagrams of

surfactants used in this dissertation are given in Section 2.3 (Figure 35).

1.2.4 Polymers and polyelectrolytes

Polymers are the macromolecules consisting of small repeatable units – monomers – conected

with each other in a repeatable manner [137]. The polymer may consist of one or more types of

monomers. In the latter case we speak of the copolymer.

The number of monomers connected with each other in a polymer chain is known as a de-

gree of polymerization and it is one of the physical quantities that characterize every polymer.

This parameter is often used to distinguish polymers from oligomers, that is a macromolecules

composed of a few monomers. The exact value of the degree of polymerization that distin-

guishes oligomers from polymers is still the mater of debate and it is between 10 and 100. The

main difference between the polymers and oligomers is, that in the case of polymer – adding or

subtracting a single monomer does not change the physicochemical properties of substance. In

the case of oligomers, however, a slight change of chain length causes a significant change in

physicochemical properties [138].

Polymers are also characterized by mass. One can distinguish two types of masses for poly-

mers: weight-averaged molecular weight (Mw) and number-averaged molecular weight (Mn).

The ratio of this two masses, namely Mw/Mn is known as polydispersity index (PDI). The poly-

mer whose macroscopic sample consists of polymers having the same degree of polymerization

is called monodisperse. Truly monodisperse polymers are that made by nature, for example

proteins. Synthetic polymers are usually polydisperse - they have broad distribution of degrees
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of polymerisation. The narrowness of the degree of polymerisation may be obtain during post-

synthetic procedures including separation of the polymers due to their masses with the use of

ultracentrifuge. This procedure may lead to obtain samples of moderate monodispersity. It is

generally accepted that polymer sample is considered as monodisperse when its PDI is lower

than 1.1. [139]

Because of the huge diversity of the available monomers, there is no one exact way of

polymer classification. [139] The first and probably the most natural division of polymers is into

biological (such as DNA, proteins and polysaccharides) and non-biological ones.

Non-biological polymers are categorized due to the polarity of monomers into:

• non-polar (e.g. polystyrene)

• polar, but water-insoluble (e.g. poly(methyl methacrylate))

• water soluble (e.g. polyethylene glycol)

• ionizable polymers, or polyelectrolytes (e.g. poly(styrenesulfonate))

Polymers are also classified according to their structure (see Figure 19) into:

• linear - monomers are connected one after another

• branched - some monomers form side chains in the main chain

• cross-linked - few simple polymer chains are connected with each other, forming a net-

work

Polymers containing ionizable groups in the monomers are called polyelectrolytes. In aque-

ous solutions, polyelectrolytes are dissociated what makes that the polymer chain is charged.

Polyelectrolytes (like simple electrolytes) are divided into strong and weak depending on their

dissociation ability. Strong polyelectrolytes are charged regardless of pH. In case of weak poly-

electrolytes the degree of dissociation, and thus the charge of the polymer, depends strictly on

pH. Namely, they are charged when pH > pKa.

Similarly to ionic surfactants, polyelectrolytes are grouped with respect to the sign of the

carried charge into:

• anionic - negatively charged (e.g. poly(styrenesulfonate))

• cationic - positively charged (e.g. polyethyleneimine)

• zwitterionic or amfoteric - containing charged monomers of a different sign
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Figure 19: Classification of polymers according to their structure: a) linear, b) branched, c)
cross-linked.

In this dissertation I used only simple, synthetic linear polymers (both ionic and nonionic).

Specification and structures of used polymers are given in Chapter 2.3.

1.2.5 Polymers in solution

When polymer is dissolved in solution, it may interact with solvent molecules. This inter-

action as well as the interaction between monomers influences the conformation of the macro-

molecule. Most of the polymers in solution form random coils, what means that monomers

are oriented randomly in space although they are connected with adjoining units. Random

coil is not a specified shape but a statistical distribution of all the shapes present in the pop-

ulation of the macromolecules [140]. This type of conformation is preferred when there are no

specific interaction between monomers. However when interactions occur other conformation

are preferred. To illustrate the difference between the structure of polymers with and without

specific interaction one may compare the structure of nonionic polymers and polyelectrolytes

in aqueous solution. In case of nonionic polymers, there are no specific interactions between

monomers so the polymer adopt a random coil conformation. In case of polyelctrolytes, there is

a strong repulsion between monomers, what result in elongation of polymer chain up to rod-like

conformation. The repulsion between monomers can be reduced by the addition of salt. This
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screening effect of salt result in the change of polyelectrolyte conformation from elongated to

coiled. Another fine example of the influence of specific interaction between monomers on the

polymer conformation is the double helix of the DNA. DNA is biological polymer in which

nucleotides are the repeatable units. Structure of the DNA – double helix – is a result of specific

interactions – hydrogen bonds between base pairs.

Polymer chain in solution is typically characterized by its radius of gyration. Radius of

gyration,Rg, is defined as the average distance from the center of the gravity of polymer chain to

its periphery. It may be described as an averages radius of all polymer conformation measured

from its center of gravity. When we compare Rg values of nonionic polymer (coiled) and

polyelectrolyte (elongated) of the same chain length, it occurs that Rg is bigger for charged

polymer. Schematic representation of the difference in Rg for coiled and elongated polymers is

schematically shown in Figure 20.

Figure 20: Schematic representation of radius of gyration of nonionic (a) and ionic (b) polymer
consisting of same number of monomers.
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1.2.6 Interaction of surfactants with polymers: association and phase separation

Solutions containing both surfactants and polymers are very important from application

point of view. This cause the large interest in the interaction between those components and its

consequences. The topic was started in 1940s and is still continuing now. Most of the avail-

able literature concerns the association that may occur in such systems. Due to the applications

(mainly in cosmetics), the most extensively studied system is the mixture of anionic surfactant,

sodium dodecyl sulfate, SDS and nonionic polymer, polyethylene glycol, PEG. As it was men-

tioned in Section 1.2.1, one of the most important property of surfactants is their ability to lower

the surface (or interfacial) tension. In aqueous surfactant solution the surface tension decreases

as long as the surfactant concentration is lower than the CMC. Above CMC surface tension

value is nearly constant and independent on the surfactant concentration.

The situation changes if the solution contain both surfactant and polymer molecules. In such

a case, at a concentration known as the critical association concentration, surfactant molecules

start to attach to the polymer chain [141] forming a complex. In this complex, surfactant molecules

form micelles around the polymer segments. This situation is usually described by a “pearl-

necklace model” [142] that is presented graphically in Figure 21 [142].

Figure 21: Pearl-necklace model ilustrating the polymer - surfactant complex. From “ Surfac-
tants and polymers in aqueous solution” [142] p. 281.
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Critical association concentration is typically lower than CMC. The formation of surfactant-

polymer complex results in decrease of surface activity of surfactant. The surface tension satu-

rates at certain value and it stays constant as long as surfactant molecules associate to polymer

chain. Further addition of surfactant lead to the saturation of the polymer with surfactant, what

result in recovery of its surface activity. The association described above is observed in case of

nonionic polymers and ionic (especially anionic) surfactants [143].

The association may also occur in the solution of oppositely charged polyelectrolyte and

ionic surfactant [143]. It results, however, in phase separation. This follows from the fact that

strong attractive interaction between charged groups of opposite sign leads to the formation of

two phases. One of those phases is rich in both species (their complex) and the second is rich

in counterions, and eventually the excess of one of the species.

Apart from phase separation observed in the solution of ionic surfactants and polyelec-

trolytes of opposite charge (called associative phase separation), there is a second type of phase

separation, known as segregative one. In this case the mixture separates spontaneously into

two phases. One of them is enriched in surfactant (typically upper phase) and the second is

enriched in polymer (typically the bottom phase). Segregative phase separation may occur in

three types of mixtures: (i) nonionic surfactant and nonionic polymer [144–147], (ii) ionic surfac-

tant and ionic polyelectrolyte of opposite charge with high concentration of simple salt [148], (iii)

ionic surfactant and ionic polyelectrolyte of the same charge [148].

In the solutions containing nonionic surfactants and nonionic polymers, there are no specific

attractive interactions between hydrophilic segments. For this reason, the association is not

observed. Instead, the segregative phase separation may occur. The studies on phase behavior

of such concentrated mixtures was started in 1990s [144,145] and was also continued recently by

the group of Hołyst [146,147].

The explanation of the phase separation in nonionic surfactant/nonionic polymer mixture is

given by the analogy to the mixtures of colloids and nonadsorbing polymers in a common good

solvent [146,149,150]. In such a mixture, the phase separation is driven by the depletion interaction.

Each colloidal particle is surrounded by its depletion zone of a size that is comparable with

the radius of gyration of the polymer. The polymer cannot enter this zone because it would

cause a great loss of its conformational entropy. If two particles are so close to each other

that their depletion zones overlap, the imbalance of the osmotic pressure is created. This im-
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balance pushes the particles together and finally results in the phase separation of the mixture

into colloid-rich and surfactant-rich phase [151]. Recently, the group of Hołyst expand the topic

of phase separation in mixtures of this type asking a question if it is possible to “design the

condition for which the solution of polymers and surfactants exhibits ordering”. The work [146]

contains not only experimental data but also simple theoretical model consistent with experi-

mental results. The model is based on the experimental observation that polymer-rich phase

do not contain any micelles what imply that the interface between coexisting phases act as a

semipermeable membrane. This membrane is permeable only for water molecule what indi-

cates that the thermodynamic equilibrium in the system is set by the chemical potential of water

in two phases [146]. In general, the proposed model may be applied in any surfactant/polymer

mixture what makes it very useful in preparation of ordered phases of surfactant of a desired

type of ordering.

As it was discussed above, ionic surfactants associate to the polyelectrolyte of opposite

charge what typically result in precipitation of the complex. The addition of salt may reduce

this effect, by screening the charges, and facilitate the mixing. Further addition of electrolyte

may however invert the situation again and lead to the segregative phase separation [148].

Phase separation of a segregative character is also possible in the mixtures of surfactants

and polyelectrolytes bearing the same charge, however there is extremely small number of ex-

amples of such mixtures in the literature. The one that can be found, is the mixture of anionic

surfactant, SDS and anionic polysaccharide, sodium hyaluronate [148]. This mixture separates

spontaneously for high surfactant and polyelectrolyte concentration. This behavior is attributed

to the substantial entropy loss of the counterions during the phase separation because of the

differences in the charge densities [148]. Additionally, the phase separation in mixtures of this

type can be additionally facilitated by the addition of salt.
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1.2.7 Surfactants as templates

As it was discussed in Section 1.2.3, concentrated surfactant solutions exhibit a variety of

ordered phases called lyotropic liquid crystalline phases. Those LLC phases may be used as a

templates in formation of other materials with clearly defined internal structure, especially in the

formation of nanocomposites. In such cases, surfactant governs the alignment of the obtained

material and therefore surfactants are commonly described as structure-directing agents.

As it was mentioned in Section 1.1.2, surfactant solution can be used as reacting medium for

NP synthesis and their presence may be crucial for the shape of grown nanostructures [17,40,125].

Ordered phases of various surfactants can be used to create soft nanocomposite materials con-

taining embedded NPs. To create this type of hybrid material, two approaches are used. The

first is the direct growth of nanoobjects inside the surfactant phase [52–56]. The second is the

simple mixing of NPs with previously prepared LLC phase [152–156]. The latter approach was re-

cently used to fabricate composite materials containing metal, [52,53,152–154] semiconductor, [52,54]

and magnetic [155,156] NPs or nanorods [55,56]

Surfactants are also used as templates for porous materials of a well defined internal struc-

ture. Solids having pore diameters in the range of 2 - 50 nm are referred to as the mesoporous

materials [157]. In nature, mesoporous materials are represented by zeolites. The first reports de-

scribing the preparation of this type of materials based on liquid crystal templates comes from

1990s. Prototype materials consisted of silica walls arranged in a hexagonal structure was desig-

nated as MCM-41. [158,159] The obtained ordering of the walls depicted the cylindrical hexagonal

structure of used surfactant and the pore size was varied by using surfactants of a different chain

length [158]. Typical transission electron micrographs of hexagonally ordered silica is shown in

Figure 22.

The synthetic procedure of mesoporous materials formation requires the use of inorganic

precursor, surfactant and acid or base (to adjust the pH). For mesoporous silica, the most com-

mon precursors are organosilicates such as tetramethyl orthosilicate, TMOS, and tetraethyl or-

thosilicate, TEOS. Typical structure directing agents are cationic surfactants, especially quater-

nary ammonium salts. The formation of mesoporous structure is based on the hydrolysis of

inorganic precursor and its further condensation in the water chnnels of the surfactant template.

Crude material is subsequently dried and calcinated in high temperature (about 500 °C) to re-

move the LLC template and leave pure inorganic walls of a great periodicity. Although the first
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Figure 22: Transmission electron micrographs of hexagonal silica (MCM-41) having different
pore sizes: a) 2 nm, b) 4 nm, c) 6.5 nm, d) 10 nm. [158]

works concerns formation of hexagonal silica, [158–160] other types of ordering like cubic [160–162]

or lamellar [160–162] may be easily obtained. Furthermore, mesoporous materials includes not

only silica, but also metal oxides (e.g. TiO2, ZrO2, Al2O3, Nb2O5, WO3, HfO2, SnO2) and

mixed oxides (e.g. SiTiO4, ZrTiO4, Al2TiO5, ZrW2O8) [163]. Due to the large, tunable pore

sizes and expanded surface area mesoporous materials have several potential applications in

catalysis [164,165], in separation processes and in host-guest chemistry [166].
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2 Experimental part

In this Chapter, I describe the experimental techniques and procedures used in this disser-

tation. This Chapter is organized as follows. Section 2.1 contains the basics of experimental

techniques that were used during my research. Section 2.1.1 describes polarized optical mi-

croscopy. Section 2.1.2 refers small and wide angle X-ray scattering. Section 2.1.3 depicts

dynamic light scattering. Section 2.1.4 deals with the basics of zeta-potential measurements.

Section 2.1.5 recalls the main issues of spectroscopic techniques.

Section 2.2 is dedicated to different experimental procedures. Section 2.2.1 includes the

procedures of synthesis and functionalisation of gold and silver NPs. Section 2.2.2 refers the

UV-Vis titration of oppositely charged NPs. Section 2.2.3 describes the formation of silica-

based mesophase doped with NPs.

Last Section (2.3) contains the characterization of the substances used in my research. It

includes the list of substances together with their purities and suppliers. It also contains a list of

critical micelle concentration and phase diagrams of surfactants.
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2.1 Research techniques used

2.1.1 Polarized optical microscopy

In this dissertation, polarized optical microscope was used to investigate the samples of ly-

otropic liquid crystals in order to determine the their ordering. The LLC phases were examined

in pure form (water solution) or with addition of NPs. The basics of image formation in polar-

ized optical microscope is explained in Figure 23. This type of microscope is equipped with

two crossed polarizers placed before and after the sample. First polarizer (before the sample)

enables to pass only the light having certain polarization. The second polarizer, called also

analyzer, is oriented perpendicularly to the first one. If the are no sample or if the sample is

isotropic (does not change the polarization plane), then the second polarizer cuts of every light

what result in completely black image. However, if the sample is anisotropic, it reorients the

polarization plane of light so that part of light can pass through the second polarizer. In the

latter case bright colorful images are formed.

Figure 23: The scheme of the image formation in polarized optical microscope, from Ref. 167.

The example of anisotropic samples that can be visualized by polarized optical microscope

are ordered phases of lyotropic liquid crystals (hexagonal or lamellar). Every ordered phase has

its own typical features, visible in polarized optical microscopy images. Those images, known

as textures, can be used to verify the type of ordering in the samples of lyotropic liquid crystals.

The examples of LLC textures are shown in Figures 39 and 51.

The textures were investigated using Nikon Eclipse E400 polarized optical microscope

equipped with LINKAM THMS 600 heating/cooling stage controlled by the LinkSys 2.36 soft-

ware. The images were acquired and processed with the use of the image analyzer software

Lucia G. The observations were carried out in the temperature 25 °C. Experiments were con-

http://rcin.org.pl



Research techniques used 52

ducted in the laboratories of the Institute of Physical Chemistry PAS.

2.1.2 Small and wide angle X-ray scattering

In this dissertation, X-ray scattering analysis were used to characterize short and long-range

order within the samples. Both methods are based on the Bragg’s law, given by the Equation (7):

2dsin(θ) = nλ =⇒ d =
nλ

2sin(θ)
. (7)

In this equation, n is an integer, λ is wavelength of incident wave, θ is the angle between

incident ray and scattered plane and d is the interplanar spacing. The Bragg’s law, illustrated on

Figure 24, defines the θ angles needed for constructive interference of reflected X-rays.

Figure 24: The ilustration of Bragg’s law.

Small (SAXS) and wide (WAXS) angle X-ray scattering methods give diffraction patterns

of the same type as in powder diffraction methods although they do not require crystallinity

of the sample. They allow examination of a completely disordered samples or samples con-

taining only partially ordered domains. As the names imply, small (SAXS) and wide (WAXS)

angle X-ray scattering techniques differ in angle at which the scattering pattern is collected.

This difference is shown schematically in Figure 25. According to the Bragg’s diffraction law

(Equation (7)) scattering angles are inversely proportional to the interplanar spacing. It means,

that the reflexes from planes separated by few nanometers are observed for low scattering angles

(0 – 4°) whereas smaller spacings (sub-nanometer) give constructive interference for wide an-

gles (4 – 170°). Typically, SAXS/WAXS experimental results are plotted on scattered intensity
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vs. 2θ or scattered intensity vs. scattering vector, q, plot. The scattering vector is defined as:

q =
4πsinθ

λ
(8)

and it contains information about the wavelength of X-rays. The use of q instead of 2θ makes it

easier to compare experimental data obtained with the use of X-ray sources of different wave-

lengths.

Figure 25: Schematic representation of the main difference between small (SAXS) and wide
(WAXS) angle X-ray scattering, i.e. the difference in scattering angle.

I. SAXS determination of size and size distribution of spherical NPs.

SAXS is often used to determine the shape and/or their size and size distribution. This

follows from the fact that the total scattering intensity, I (q), consists of two parts:

I(q) = F(q)S(q). (9)

The first one is the form factor, F(q), and the second is the structure factor, S(q). F(q) car-

ries information on the particle radius of gyration whereas S(q) contains information about the

interactions between particles and their mutual arrangement. If we consider a dilute solution

of non-interacting, monodisperse particles, then S(q) = 1. Under this conditions, for very low

scattering angles:

I(q) ≈ I(0) exp(−1

3
R2
gq

2) (10)
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where I(0) is the forward scattering. Equation (10) is typically referred to as a Guinier approx-

imation and is the basis to draw a Guinier (i.e. ln(I(q)) vs. q2) plot. For ideal monodisperse

systems Guinier plot gives a linear function whose slope yields the radius of gyration of parti-

cles. Guinier approximation is valid only for very small angles, that is for q < 1.3/Rg
[168,169].

If the solution contains particles of same shape but different in size, the appropriate analysis of

I(q) yield the size distribution of particles. An example of Guinier plot for Au NPs, synthesized

in the Institute of Physical Chemistry, is shown in Figure 26.

Figure 26: Guinier plot for Au NPs: blue curve – experimental data, red curve – fit to the data.
The initial part of the graph can be approximated by a linear function. Radius of gyration of
studied NPs is equal to (2.02 ± 0.48) nm.

II. SAXS characterisation of ordered phases of lyotropic liquid crystals.

Small angle X-ray scattering is also used to determine and characterize the nanometer-scale

regularities within samples such as liquid crystalline phases. A set of diffraction fringes is

characteristic for each ordered phase. Formation of the diffraction fringes for hexagonal and

lamellar phase is shown schematically in Figure 27. For the hexagonal phase one may obtain

three diffraction fringes ((010), (110), (020)), whose positions are to each other as 1 :
√

3 : 2.

The characteristic distance for hexagonal phase, a, that is, distance between the centers of

cylindrical micelles can be easily determined from the position of the first diffraction fringe, by
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applying the Equation (11).

a =
2d√

3
(11)

Diffraction pattern for lamellar phase consists of equally spaced fringes. Position of the first

band corresponds directly to the distance between the bilayers (d) of the lamellar phase. The

following fringes correspond to successive harmonics.

Figure 27: Scheme of diffraction fringes formation for hexagonal (a) and lamellar (b) phases.
Circles and rectangles denote the cylindrical micelles of hexagonal phase and bilayers of lamel-
lar phase respectively. Typical SAXS pattern for hexagonal (c) and lamellar (d) phase respec-
tively.

In this dissertation small angle X-ray scattering was used to:

• determine the size/size distribution of spherical gold and silver NPs (cf. Figure 26)

• determine the type of ordered phase of lyotropic liquid crystals (cf. Figure 48) and to

characterize their characteristic distances (a and d for hexagonal and lamellar phase re-

spectively).

The small angle X-ray scattering patterns were obtained with the Bruker Nanostar system,

the patterns were registered with Vantec 2000 area detector. The CuK (α = 1.54 Å) radiation

was used. The samples were prepared in Lindemann capillaries (1.5 mm in diameter). The

signal intensities were obtained through integration of the 2D patterns over azimuthal angle.

The measurement were carried out in temperature 25 °C.
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Wide angle X-ray scattering was used to investigate silicated LLC phases containing NPs

and the samples formed after their calcination – mesoporous silica (see Figure 57 and Fig-

ure 58). The samples were powdered and analyzed with the Bruker D8 GADDS system (point

beam CuKα, Gebel mirror, collimator 0.5 mm). The WAXS patterns were registered with Hi

Star area detector. The measurements were performed in temperature 25 °C. Both SAXS and

WAXS experiments were conducted in the Structural Research Laboratory of the University of

Warsaw.

2.1.3 Dynamic light scattering

Dynamic light scattering, DLS, (also known as photon correlation spectroscopy) is a tech-

nique used to determine the size of objects (nano-and microparticles) contained in the solution.

This technique is based on several basic assumptions:

1. If the particles are small compared to the wavelength of incident light, then they scatter

light in an isotropic way (same in all directions). Light scattered at various particles interferes

constructively or destructively depending on the arrangement of the particles, as it is shown in

Figure 28.

Figure 28: Effect of particle orientation on the result of interference of scattered light: (a)
destructive interference, (b) constructive interference. [170]

2. Location of the particles in the solution is not static but is constantly changing due to

collisions with solvent molecules (Brownian motion). This leads to continuous changes in the

arrangement of molecules and therefore to the fluctuations of the observed scattered light.
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Fluctuations in the DLS signal contain information about the dynamic properties of solute

molecules, especially about their translational diffusion coefficient. [171] The larger the particles

are, the slower the velocity of their Brownian motion. Small particles bombarded by solvent

molecules move rapidly and over long distances. Large particles move more slowly and defi-

nitely closer. Translational diffusion coefficient (D) of an object with a radius r in a fluid of a

viscosity η and temperature T is described by Stokes-Einstein equation:

D =
kBT

6πηr
, (12)

in which kB is the Boltzmann’s constant. The radius r in Equation (12) is known as hydrody-

namic radius and it is defined as a radius of a sphere moving with the same diffusion coefficient.

Therefore, the resulting value of the hydrodynamic radius is the most accurate for spherical ob-

jects.

The original DLS signal is a noise, as it is shown schematically in Figure 29. To extract

information from this noise one has to use intensity - intensity autocorrelation function G(τ)

given by Equation (13).

G(τ) =< I(t)I(t+ τ) > (13)

In autocorrelation procedure, the intensity of signal obtained for a given time (I(t)) is compared

with the same signal shifted by a delay time, τ . If the signal does not change then the result of

autocorrelation function is equal to unity. However, if the signal at the time t + τ is entirely

different than for t, then the correlation is zero.

Figure 29: Schematic representation of the original DLS signal (intensity vs. time) and the
interpretation of delay time, τ .
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DLS signal reflects intensity fluctuations resulting from changes in the mutual position of

the objects. In the case of large number of monodisperse particles the correlation is close to

unity for very short times, and it decays exponentially in time:

G(τ) = A(1 + B exp(−2Γτ)). (14)

In Equation (14), A is the baseline, B is the intercept of correlation function and

Γ = Dq2 (15)

contains information about the translational diffusion coefficient. The value of Γ can be read

out directly from the chart of the autocorrelation function because it is equal to the inverse of

inflection point. Wave vector, q, in Equation (15) is defined as:

q =
4πn

λ
sin

θ

2
(16)

where n is a refractive index of the dispersant, λ is the wavelength of the laser and θ is the

scattering angle.

If the autocorrelation function has few inflection points (few different values of Γ), it means

that the solution contains objects that differ in the value of hydrodynamic radius. The presence

of two different objects may not be apparent at first glance. This follows from the fact that

according to the Rayleigh approximation, the intensity of scattered light is proportional to the

sixth power of particle size [172]. This means that if the solution contains equal number of 5 nm

and 50 nm-sized objects, the intensity of scattered light coming from 50 nm-sized particles is

106 times greater than the one originating from 5 nm-sized particles.

In this dissertation dynamic light scattering was used to determine hydrodynamic radii of:

• metal and semiconductor NPs (cf. Figure 61)

• surfactant micelles in the solution of a given concentration (cf. Figure 64)

• NPs with adsorbed surfactants (cf. Figure 68)

The details of the DLS experiment were as follows: The measurements were carried out

using the Stabilite 2017 Argon ion laser (λ = 514 nm) or He - Ne laser (λ = 633 nm) at various
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angles, from 30° to 150°. The Fourier transform of the intensity-intensity correlation function

G(q; t) was measured as a function of the scattering wave vector, q, and time, t. All measure-

ments were carried out at 25 °C. DLS experiments were conducted in the laboratories of the

Institute of Physical Chemistry PAS.

2.1.4 Zeta-potential measurements

According to IUPAC, electrokinetic potential, ζ , is defined as a potential that drop across

the mobile part of the double layer and that is responsible for electrokinetic phenomena [25].

Negative value of ζ means that the potential decreases from the bulk of the liquid phase towards

the interface. ζ - potential is a commonly used to characterize colloidal systems, especially their

stability in solutions.

To explain the concept of zeta potential more accurately, let us consider a single, negatively

charged colloidal particle. The presence of such particles affects the distribution of ions in

solution, as it is shown in Figure 30. Directly at the surface of the charged particle, the Stern

layer - a layer of firmly adsorbed counterions is created. Beyond, the positive ions are still

attracted to the negatively charged colloidal particle, however, they are also repelled by the

positive ions from the Stern layer. This leads to the creation of another layer of ions, called

the diffusion layer. The concentration of positive ions in the diffusion layer gradually decreases

with increasing distance from the surface of the colloid, and finally reaches a value as in the

depths of the solution. Stern layer together with the diffusion layer is called the electrical

double layer [173,174].

If a charged particle moves (e. g. due to gravity) it moves together with ions from the Stern

layer and a portion of ions from the diffusion layer. It is believed that inside the diffusion layer

there is a hypothetical limit within which ions with a colloidal particle form a stable entity. If a

particle moves, the ions contained within this boundary move together with it. This theoretical

limit is called the surface of hydrodynamic shear or slipping plane. The ζ-potential is the

potential that exists at slipping plane [175], as it is shown in Figure 30. It should be noted that ζ

- potential is not equivalent to the surface potential, nevertheless for many applications it is its

fairly good approximation.
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Figure 30: Schematic representation of electrical double layer, slipping plane and ζ - potential
for negatively charged particle. [175]

The ζ - potential is measured using the electrophoresis phenomenon that is the movement of

charged particles under the influence of an external electric field. The velocity of such particles,

known as electrophoretic mobility, UE, depends on the gradient of the electric field, dielectric

constant of medium (ε), its viscosity (η), and ζ - potential. The dependence of electrophoretic

mobility on these parameters is described by the Henry equation (Equation (17)).

UE =
2εζf(κr)

3η
(17)

Factor f(κr), known as Henry function, depends on the Debye length, κ−1, and the radius

of the particle, r. For the approximation of Henry function two values are used: 1.5 or 1.0. [175]

The value of 1.5 (Smoluchowski approximation) is used for aqueous solutions, especially for
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solutions that contain particles larger than 0.2 µm dissolved in the electrolyte solution hav-

ing a concentration greater than 10−3 mol/dm3. The value of 1.0 (Huckel approximation) is

used for small particles dissolved in a solution of low dielectric constant, especially for par-

ticles dispersed in non-aqueous solutions. In presented experiments I used the Smoluchowski

approximation (f(κr) = 1.5).

To determine the ζ - potential from Henry equation, one need to determine electrophoretic

mobility. The experiment is conducted in a cell with a capillary at the ends of which there are

two electrodes. Under the influence of an applied electric field, ions and particles in the solution

migrate toward the electrode of opposite sign. Particle velocity is measured using the Doppler

effect, and then expressed in unit field strength as their mobility.

In this dissertation, Zetameter (Zetasizer Nano, Malvern Instruments Ltd.) was used to de-

termine ζ-potential of charged NPs as well as NPs with adsorbed surfactant molecules. The

measurements were carried out at 25 °C. ζ-potential measurements were conducted in the lab-

oratories of the Institute of Physical Chemistry PAS.

2.1.5 Spectroscopic techniques

Spectroscopic techniques are commonly used to determine spectral characteristics of studied

systems. The ability to absorb or emit photons is closely related to the electronic structure of

given molecule. As it was discussed in Section 1.1.1, in case of metal NPs, the absorption of

light in UV-Vis range is a result of surface plasmon resonance.

Measurement of absorption spectra is one of the main procedures performed during lab-

oratory tests. During the measurement the sample is illuminated by a light source of defined

spectral characteristics. After passing through the sample, the intensity of incident light is weak-

ened. The attenuation of light is the result of two processes, absorption and scattering, the sum

of which is called attenuation (formerly - extinction). The intensity of transmitted light (I) de-

pends on the intensity of incident light (I0), molar concentration of a sample, c, absorption path

length, l, and molar absorption coefficient (attenuation coefficient), εabs. The exact relation is

given by Lambert-Beer law, (Equation (18)) which also gives the definition of absorbance (A).

A = log10
I0

I
= εabscl (18)
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The Lambert-Beer law states that the absorbance is a linear function of concentration. It makes

that the Equation (18) is useful to determine the concentration of the sample of a known atten-

uation coefficient. The illustration of Lambert-Beer law is shown in Figure 31. The change of

absorbance as a function of wavelength is known as the absorption spectra. In this dissertation

Figure 31: The ilustration of Lambert-Beer law.

spectroscopic techniques were used to:

• collect the absorption spectra of various samples, mainly solutions containing NPs (cf. Fig-

ures 46, 47 a, and 45)

• collect the emission (fluorescence) spectra of semiconductor QDs (i.e. Figure 62)

The UV-Vis absorption spectra were recorded on Shimadzu MultiSpec-1501 spectrometer

or on Ocean Optics 2000+ spectrophotometer in the spectral range 190 – 800 nm. The samples

were measured in a quartz cuvette of 1 mm path length.

The fluorescence spectra were recorded on Ocean-Optics USB 2000+ spectrophotometer

in the range 190-1000 nm in quartz micro cuvette (10 mm of path length). The fluorescence

was excited using laser diode (λ = 405 nm). The spectra were recorded automatically every

10 seconds. The experiments were performed in Okolab incubator in the temperature 25.0 °C.

Experiments were carried out in laboratories of the Institute of Physical Chemistry PAS.
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2.2 Experimental procedures

2.2.1 Synthesis and functionalization of nanoparticles

I. Synthesis of gold nanoparticles.

Gold NPs were synthesized according to the known procedure described by Jana and Peng [40].

The original procedure was magnified three times. The described procedure is two-step method,

what allows for better control over the size and the dispersity of NPs. In the first step small NPs

(seeds) were prepared and in the second step the seeds were grown to bigger NPs. The reduc-

tion of gold precursor was done with the use of two different reducing agents, that is tetrabutyl

ammonium borohydride (TBAB) and hydrazine. TBAB was used in the first step, whereas

hydrazine – in the second step. The synthesis was conducted in the presence of surfactant

– didodecyldimethylammonium bromide (DDAB) and coating ligand – dodecylamine (DDA),

what result in formation of dodecylamine coated NPs, AuDDA. Alkylamines are not as good

capping agents as alkanetiols because of the weaker binding to the gold surfaces. The protect-

ing alkylamine coating can be easily replaced with other type of coating during ligand exchange

reaction. As a result, one batch of AuDDA can be used to prepare series of NPs solutions hav-

ing gold core of a same size but differing in terms of coating. Chemical structures of the main

compounds used for synthesis and functionalization of gold NPs are shown in Figure 34.

Preparation of gold seeds

Firstly, about 13 ml of 0.1 M DDAB solution was prepared by dissolving 0.694 g DDAB in

12.975 g of toluene. 29.5 mg of gold precursor, HAuCl4 x 3 H2O, was dissolved by sonication

in 7.5 ml of DDAB solution. Then 270 mg of DDA was added and the mixture was sonicated to

dissolve DDA completely. Finally 75 mg of TBAB was dissolved in DDAB solution and then

injected to the gold solution during vigorous stirring. The addition of TBAB (reducing agent)

to the gold solution result in immediate change of color of the solution from orange to dark

brown, what indicates the formation of NPs. After addition of TBAB, the solution was stirred

for about 15 minutes and then aged overnight in room temperature.
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Seeding growth of gold nanoparticles

Firstly the growing solution of gold precursor was prepared by dissolving, via sonication,

292.5 mg of HAuCl4 x 3 H2O, 1.5 g of DDAB and 2.775 g of DDA in 75 ml (64.87 g) of toluene.

Then, previously prepared seeds solution was added and resulting solution was mixed. Next,

the solution of reducing agent (0.2 M hydrazine in DDAB solution) was prepared by dissolving

192 mg of hydrazine in 30 ml of 0.1 M DDAB solution (1.39 g of DDAB in 25.95 g of toluene).

As prepared hydrazine solution was added dropwise (for about 10 minutes) during vigorous

stirring of the solution. Finally, the solution was mixed for about 15 minutes.

II. Synthesis of silver nanoparticles

Silver NPs, similarly to gold ones, were prepared according to the procedure described by

Jana and Peng [40] magnified three times. The synthesis was single-step reaction and used the

mixture of hydrazine and tetrabutyl ammonium borohydride (TBAB) as the reducing agent.The

synthesis was conducted in the presence of decanoic acid (DA) and dodecylamine (DDA) and

resulted in formation of decanoic acid stabilized silver NPs, AgDA. The initial DA coating was

further changed into thiols during ligand exchange reaction. Chemical structures of the main

compounds used for synthesis and functionalization of silver NPs are shown in Figure 34.

The procedure of AgDA synthesis was as follows. Firstly, the reaction media was prepared

by dissolving 516 mg of DA in 30 ml (26 g) of toluene. Next, 516 mg of hydrazine was

dissolved by sonication in DA solution. Then the solution of the second reducing agent was

prepared by dissolving 2.5 mg of TBAB in 8.67 g of toluene. 0.3 ml of as prepared TBAB

solution was added to the reaction solution. Subsequently, the silver precursor was prepared by

dissolving 51 mg of silver acetate in 0.6 ml of 1 M DDA solution (prepared by dissolving 0.185

g of DDA in 0.74 g of toluene). Finally, the solution of silver precursor was injected to the

reaction solution during vigorous stirring. The color of the mixture changed into deep brown

few minutes after addition of silver precursor, what indicated the formation of NPs. The stirring

was continued for about 15 minutes to complete the reaction.
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III. Functionalization of gold and silver nanoparticles

As prepared gold (AuDDA) and silver (AgDA) NPs were functionalized by ligand exchange

reaction that is schematically shown on Figure 32. The procedures of functionalization and

puryfication was based on the literature [67].

NPs were coated with ω-functionalized thiols: 11-mercaptoundecanoic acid (MUA) and N,N,N-

trimethyl(11-mercaptoundecyl) ammonium chloride (TMA). Both ligands made NPs water sol-

uble. Additionally they fit up NPs with electrostatic charge: negative in case of MUA and

positive in case of TMA.

Figure 32: Scheme of the ligand exchange reaction. Yellow and blue circles represent respec-
tively the cores of NPs, and terminal functional groups of ligands.

Preparation of AuMUA

Typically, the solution containing 22 mg of MUA, 4 g of methanol and 5 droplets of tetram-

ethylammonium hydroxide, NMe4OH, (in the form of 25% solution in methanol) was added to

13 g of crude AuDDA solution. The mixture was allowed to react for at least 1 hour. If the NPs

did not precipitate in this time, than about 10 ml of methanol was added to induce precipitation.

The precipitate was separated by centrifugation of the sample (3000 - 4000 rpm, 5 - 10 min)

and decantation of the supernatant. The precipitate was then washed with ethyl acetate (3 x 15

ml). After each addition of ethyl acetate the sample was centrifuged and the supernatant was

decanted. To purify AuMUA the precipitate was dissolved in about 2 ml of deionized water

with addition of 3 droplets of NMe4OH and re-precipitated with 50 ml of acetone. The precipi-

tate was then separated, washed with ethyl acetate (3 x 15 ml) and dried. Finally, dry precipitate

was dissolved in 50 g of deionized water with addition of few droplets of NMe4OH (to adjust

the pH to about 11).
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Preparation of AuTMA

Analogously to the synthesis of AuMUA, the solution containing 22 mg of TMA and 4 g of

methanol was added to 13 g of crude AuDDA solution. The mixture was relaxed for at least an

hour. The precipitate was separated (by centrifugation of the sample and decantation of the su-

pernatant) and washed with ethyl acetate (3 x 15 ml). Next, AuTMA was purified by dissolving

in 2 ml of methanol and re-precipitating it with about 50 ml of ethyl acetate. The precipitate

was again separated, washed with ethyl acetate (3 x 15 ml), dried and finally dissolved in 50 g

of deionized water.

Preparation of AgMUA

The solution containing 27 mg of MUA, 1 g of methanol and 4 droplets of NMe4OH (25� in

methanol) was added to 13.4 g of crude AgDA solution. The mixture was relaxed for at least an

hour during which the black precipitate appeared. The precipitate was separated (by centrifu-

gation of the sample and decantation of the supernatant) and washed with ethyl acetate (3 x 15

ml). AgMUA was then dissolved in about 1 ml of deionized water with 3 droplets of NMe4OH

and re-precipitated with 50 ml of acetone. The precipitate was again collected, washed with 10

ml of ethyl acetate and dried. AgMUA were finally dissolved in 48.2 g of deionized water with

addition of NMe4OH (to adjust the pH to about 11).

Preparation of AgTMA

The solution of 27 mg of TMA in 1 g of methanol was added to 13.4 g of crude AgDA

solution. The mixture was allowed to relax for at least an hour during which precipitation

occured. The precipitate was separated (by centrifugation of the sample and decantation of the

supernatant) and washed with ethyl acetate (3 x 15 ml). The purification of AgDA was done

by dissolving the precipitate in about 2 ml of methanol and re-precipitating it with 40 ml of

ethyl acetate. Finally AgTMA were separated, washed with 15 ml of ethyl acetate, dried and

dissolved in 48.4 g of water.
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2.2.2 UV-Vis titration of oppositely charged nanoparticles

According to the literature, the mixture of oppositely charged NPs is stable as long as the

net charge of the NP mixture is different than zero [67]. At this point, called electroneutral

point, the precipitation of aggregated NPs occurs. In order to determine the electroneutral point

accurately, and define the range of stability of the mixture of oppositely charged NPs, one can

perform UV-Vis titration. This result from the fact, that the precipitation of NPs aggregates

results in sharp decrease of absorbance of the mixture. UU-Vis titration is based on controlling

the changes in absorbance of the mixture caused by successive additions of small portions of

NPs of one type.

To explain the procedure for the titration of oppositely charged NPs, let us consider a situ-

ation in which the solution of positively charged NPs, AuTMA, is titrated with the solution of

negatively charged NPs, AgMUA. Denotr The initial concentrations of the solutions are c0
Au and

c0
Ag for AuTMA and AgMUA, respectively. The volumes of AuTMA and AgMUA solutions in

the mixture are VAu and VAg, respectively. At the beginning of the procedure, absorption spectra

of both, initial solutions of NPs are collected. After the addition of AgMUA to AuTMA, the

mixture is stirred for at least 3 minutes, and then the absorption spectra is collected. The molar

fraction of AgMUA NPs, χAg, changes during process according to Equation (19) in whichNAg

denotes the number of Ag NPs and NAu denotes the number of Au NPs.

χAg =
NAg

NAg +NAu

=
c0

AgVAg

c0
AgVAg + c0

AuVAu

(19)

Temporary concentrations, cAu and cAg, of AuTMA and AgMUA NPs in the mixture change

according to Equations (20) and (21) respectively.

cAu =
c0

Au

1 +
χAg

1−χAg
· c

0
Au

c0Ag

(20)

cAg =
c0

Au

1−χAg

χAg
+

c0Au

c0Ag

(21)

Application of UV-Vis titration in this dissertation is described in Section 3.2.3.
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2.2.3 Fabrication of a Silica-Based Mesophase Doped with Nanoparticles

As it was mentioned in Section 1.2.7, LLC phases can be used to prepare mesoporous ma-

terials of a well defined internal structure. To fabricate the silica-based mesophase doped with

NPs, I carried out the hydrolysis and condensation of TEOS under basic conditions [162,176]. I

used alkaline hydrolysis method because the NPs coated with MUA were stable only in alkaline

environment. To obtain the LLC matrix, I induced phase separation in aqueous solution con-

sisting of CTAB (0.20 g), PDDAC (0.63 g) and AuMUA solution (0.63 g). The resulting mass

fractions of surfactant and polymer (with respect to water) were 15% and 10% respectively (cf.

Equations (22) – (27)). When the phase separation was completed, I removed the polymer-rich

phase and characterized surfactant-rich phase using SAXS. The obtained doped LLC phase rep-

resented hexagonal ordering with characteristic distance a = 6.25 nm. In order to transform soft

LLC phase into silica-based mesophase, I added 0.37 g of TEOS and 0.04 g of NMe4OH (25

wt. % solution in methanol) to the obtained LLC phase. I mixed the sample for fer minutes

and finally I placed in an oven at 100 °C for 20 h in order to complete the condensation pro-

cess. As prepared silica-based mesophase was characterized using WAXS. The results of this

characterization are described in details in Section 3.2.6.
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2.3 Characterisation of substances

This Section contains the specification of the substances used in this dissertation. Subtitles

below refer to groups of substances used.

Nonionic surfactants

(1) pentaethylene glycol monododecyl ether, (C12E5, Fluka, > 98%)

(2) hexaethylene glycol monododecyl ether, (C12E6, Fluka > 98%)

(3) heptaethylene glycol monododecyl ether, (C12E7, Sigma Aldrich ≥98%)

(4) octaethylene glycol monododecyl ether (C12E8, Fluka > 98%)

(5) nonaethylene glycol monododecyl ether (C12E9, Fluka)

(6) decaethylene glycol monododecyl ether (C12E10, Sigma Aldrich)

(7) Brij 35 (main component: tricosaethylene glycol dodecyl ether (C12E23, Sigma Aldrich).

Cationic surfactants

(1) cetyltrimethylammonium bromide (CTAB, Mw = 364.46, Sigma, 99%)

(2) tetradecyltrimethylammonium bromide (TTAB, Mw = 336, 41, Sigma, 99%)

(3) dodecyltrimethylammonium chloride (DTAC, Mw = 263, 89, Sigma, 99%)

(4) hexadecylpyridinium bromide (CPB, Mw = 384, 44, Fluka, 97%)

Anionic surfactants

(1) sodium dodecyl sulfate (SDS, Mw = 288, 38, Sigma, 98.5%)

(2) dodecanesulfonic acid, sodium salt (DSS, Mw = 272, 38, Sigma, 99%)

Nonionic polymers

(1) poly(ethylene glycol) (PEG, Mw ∼ 20 000, Fluka)

(2) poly(ethylene glycol) (PEG, Mn from 570 to 630, Sigma Aldrich)

(3) poly(ethylene glycol) (PEG, Mw = 400, Sigma Aldrich)

(4) hexaethylene glycol (PEG, n = 6, Sigma Aldrich, 97%)

(5) tetraethylene glycol (PEG, n = 4, Sigma Aldrich, 99%)

(6) polyvinyl alcohol (PVA, Mw ∼ 27 000, Fluka)
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Cationic polyelectrolytes

(1) poly(diallyldimethylammonium chloride) (PDDAC, Mw from 100 000 to 200 000, Sigma,

20% aqueous solution)

(2) polyethylenimine (PEI, Mw ∼ 800, Sigma, 50% aqueous solution)

Anionic polyelectrolytes

(1) poly(sodium 4-styrenesulfonate) (PSS, Mw ∼ 70 000, Sigma)

(2) poly(acrylic acid, sodium salt) (PAAS, Mw ∼ 15 000, Sigma, 35% aqueous solution)

Inorganic salts

(1) sodium chloride (NaCl, Chempur)

(2) nickel nitrate, hexahydrate (Ni(NO3)2 · 6 H2O, Sigma)

(3) copper sulphate (CuSO4, POCh)

(4) cobalt sulphate, heptahydrate (CoSO4 · 7 H2O, POCh)

(5) manganese sulphate, pentahydrate (MnSO4 · 5 H2O, Wako Pure Chemicals Industries)

(6) sodium nitrate (NaNO3, Chempur)

Solvents

(1) acetone (99.5%, Chempur)

(2) ethanol (96%, Linegal Chemicals)

(3) methanol ( 99.8%, POCH Basic)

(4) ethyl acetate (99.8%, POCH Basic)

(5) toluene (99.5%, POCH Basic)

Compounds used for synthesis and functionalization of metal NPs

(1) gold(III) chloride trihydrate (HAuCl4 x 3 H2O, ≥ 99.9%, Sigma Aldrich

(2) silver acetate (CH3COOAg, 99%, Sigma Aldrich)

(3) didodecyldimethylammonium bromide (DDAB, ≥ 98.0%, Fluka)

(4) dodecylamine (DDA, ≥ 99.5%, Fluka)

(5) decanoic acid (DA, ≥ 98.0%, Sigma)

(6) tetrabutyl ammonium borohydride (TBAB, 98%, Aldrich)

(7) hydrazine (N2H4, 98%, Sigma-Aldrich)
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(8) tetramethylammoniumhydroxide (NMe4OH, 25 wt. % solution in methanol, Aldrich)

(9) 11-mercaptoundecanoic acid (MUA, 95%, Sigma Aldrich)

(10) N,N,N-trimethyl(11-mercaptoundecyl) ammonium chloride (TMA, pure, synthesized by

M. Paszewski, ICHF PAN)

Formation of mesoporous silica

(1) tetraethyl-orthosilicate (TEOS, ≥ 98.0%, Fluka) - silica precursor

Quantum dots

(1) cadmium selenide / zinc sulphide (CdSe/ZnS) core/shell semiconductor nanocrystals coated

with octadecylamine and amphiphilic polymer with COO− surface groups (λem = 540 nm,

quantum yield, QY, > 30%, FWHM = 35 nm, 8µM solution in water, Ocean Nanotech)

(2) cadmium selenide / zinc sulphide (CdSe/ZnS) core/shell semiconductor nanocrystals coated

with octadecylamine and amphiphilic polymer with COO− surface groups (λem = 620 nm,

QY > 50%, FWHM = 25 nm, 8µM solution in water, Ocean Nanotech)

All chemicals were used as delivered. For aqueous solutions, Millipore deionized water

(15MΩ cm) was used. Chemical structures of surfactants and polymers are shown in Figure 33.

Chemical structures of the main compounds used for synthesis and functionalization of metal

NPs are shown in Figure 34. The literature values of the critical micelle concentrations of the

surfactants used in experiments are collected in Table 1. Phase diagrams of selected surfactants

(both nonionic and ionic) are collected in Figure 35.
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Figure 33: Chemical structures of the surfactants and polymers used in the experiments.
Surfactants: oligoethylene glycol monododecyl ethers (C12En), cetyltrimethylammonium bro-
mide (CTAB), tetradecyltrimethylammonium bromide (TTAB), dodecyltrimethylammonium
chloride (DTAC), hexadecylpyridinium bromide (CPB), sodium dodecyl sulfate (SDS), do-
decanesulfonic acid, sodium salt (DSS). Polymers: poly(ethylene glycol) (PEG), polyvinyl
alcohol (PVA), poly(diallyldimethylammonium chloride) (PDDAC), polyethylenimine (PEI),
poly(sodium 4-styrenesulfonate) (PSS), poly(acrylic acid, sodim salt) (PAAS).
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Figure 34: Chemical structures of the main compounds used for synthesis and functionaliza-
tion of metal NPs. Surfactants and primary ligands: didodecyldimethylammonium bromide
(DDAB), dodecylamine (DDA), decanoic acid (DA). Reducing agents: tetrabutyl ammonium
borohydride (TBAB), hydrazine. Thiolated ligands: 11-mercaptoundecanoic acid (MUA),
N,N,N-trimethyl(11-mercaptoundecyl) ammonium chloride (TMA).

Surfactant CMC Reference

C12E5 6.5 ×10−5 M 127

C12E6 6.8 ×10−5 M 127

C12E7 6.9 ×10−5 M 127

C12E8 7.1 ×10−5 M 127

C12E9 1.6 ×10−4 M 177

C12E10 8.0 ×10−5 M 178

C12E23 3.5 ×10−5 M 179

CTAB 0.9 ×10−3 M 180

TTAB 3.86 ×10−3 M 181

DTAC 21.5 ×10−3 M 182

CPB 0.65 ×10−3 M 183

SDS 8.16 ×10−3 M 184

DSS 8.55 ×10−3 M 185

Table 1: The literature values of CMC of used surfactants.
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Figure 35: Phase diagrams of selected surfactants used in the research: a) C12E5
[186], b)

C12E6
[186], c) C12E8

[186], d) SDS [187], e) CTAB [188], f) TTAB [189], g) DTAC [189], h) CPB [190].
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3 Results

This Chapter of the dissertation is divided into three Sections, each of which refers to the

following scientific publications: The first Section (3.1) is devoted to the phase separation in

systems consisting of ionic surfactants and ionic or nonionic polymers. It is based on the article

published in 2010 in Journal of Colloid and Interface Science (Ref. 191).

The second Section (3.2) is devoted to fabrication of soft and solid nanocomposites. It de-

scribes the incorporation of hydrophilic NPs (metallic and/or semiconductor) to the ordered

phases of lyotropic liquid crystals using polymer-induced phase separation - the method de-

scribed in Section 3.1. Section 3.2 is based on the research published in 2011 in Langmuir (Ref.

192).

Last Section (3.3) refers to the behavior of NPs in diluted surfactant solutions. In particular,

it describes the adsorption of nonionic surfactants the surface of semiconductor QDs. This

absorption leads to the quenching of the fluorescence of QDs. Section 3.3 is based on recently

obtained results, that are prepared for publication.
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3.1 From dilute to condensed systems - polymer induced phase separation

for ionic surfactants

3.1.1 Introduction

Solutions of surfactants exhibit a variety of self-assembled structures [193,194]. As it was dis-

cussed in Sections 1.2.2 and 1.2.3, they can aggregate to form micelles or vesicles or condense

to from ordered structures of complex morphologies. The formation of the ordered structures

is based on the phase separation/ordering processes [195–199]. In binary mixtures of surfactant

and water the phase transition is caused by the dehydration of the surfactant hydrophilic heads

and - at fixed temperature - is controlled by the concentration of the surfactant molecules in the

system. The dehydration increases the influence of the van der Waals attraction between the

surfactant micelles. In the case of ternary surfactant/polymer/water mixtures the phase separa-

tion is driven by different forces. Namely, adding water-soluble polymer to the binary mixture

induces attractive interactions between micelles, which is also referred as to the depletion inter-

actions [200]. The depletion interactions are driven by entropy changes. The entropic depletion

forces are known to cause phase separation in colloids and emulsions composed of small and

large particles [200,201].

In the colloids (or micelles)/polymers mixtures the depletion forces have also geometrical

origins and result from changes in the conformational entropy of the polymer chains [149,150,202,203].

Namely, the geometric constrains prevent the center of mass of a polymer molecule from get-

ting closer to the micelle than a certain characteristic distance. This distance is, approximately,

a sum of the radius of gyration of a polymer, Rg, and the radius of the micelle, rmic. The center

of mass of a polymer cannot get closer to the micelle because it would result in a decrease in its

conformational entropy. For this reason, when two micelles are separated by a distance smaller

than 2(rmic + Rg), polymer coils cannot enter between them. As a result, the region between

the micelles is depleted with respect to the polymer concentration. The polymers outside the

depletion zone between the micelles induce an osmotic pressure causing an effective attraction

between the micelles. This osmotic pressure pushes the micelles together and leads to the phase

separation into the colloid-rich phase and polymer-rich phase [151].
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Walz and Sharma [204] developed a model for calculating the depletion interactions between

two charged particles immersed in a solution of like-charged macromolecules. The authors

predicted that the electrostatic interactions can increase both the magnitude and range of the de-

pletion forces. The effect of the polyelectrolyte on the stability of solutions of charged particles

against aggregation has also been confirmed experimentally [205–207].

As it was mentioned in Section 1.2.6, the phase separation processes induced by the addi-

tion of nonionic water-soluble polymers in solutions of nonionic surfactants have recently been

investigated [146,147,208]. It has been shown [146] that the addition of poly(ethylene glycol) (PEG)

to the aqueous solution of nonionic surfactant C12E6 (n-dodecyl hexaoxyethylene glycol mo-

noether) can result in the separation of the system into the polymer-rich and the surfactant-rich

phases. The surfactant-rich phase exhibits hexagonal structure which is composed of cylindri-

cal micelles (channels) packed in a hexagonal array. Also, it has been demonstrated [147] that the

hexagonal ordering can be induced provided that (1) the radius of gyration of the polymer added

to the system is larger than the size of the water channels in the hexagonal phase, and (2) the

polymer reduces the separation temperature to below the temperature of the hexagonal-isotropic

phase transition in a binary surfactant-water mixture.

The mixtures of surfactants and polymers have recently been extensively studied [194,209–212]

because of their importance to industrial applications [193,209,210]. They play an important role

in cosmetics, detergents, pharmaceuticals, pesticides, or enhanced oil recovery. Surfactants, in

their ordered phases, can be used as end products themselves or applied as templates [159,213–215]

that are further processed to obtain complex micro- or nano-structured materials. For instance,

hexagonal phases self-assembled in surfactant mixtures may be filled with metal NPs [152,153].

In this part of the dissertation, I demonstrate for the first time that the electrostatic inter-

actions can enhance the depletion forces in the mixtures of surfactant and polyelectrolyte and

lead to the phase separation and further ordering of ionic surfactants. The purpose of this part is

to investigate the process of the phase separation in aqueous solutions of ionic surfactants and

polyelectrolytes as well as in aqueous solutions of ionic surfactants and nonionic polymers.
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Four types of mixtures were studied:

(1) cationic surfactant and cationic polyelectrolyte,

(2) anionic surfactant and anionic polyelectrolyte,

(3) aqueous solutions of cationic surfactant and nonionic polymer,

(4) aqueous solutions of anionic surfactant and nonionic polymer.

In the case of cationic surfactants and nonionic polymers the effect of inorganic salt on the

phase separation was also investigated in details. All types of the experiments I performed

are schematically represented in Figure 36. As a main result, I show that by adding either

the polyelectrolytes or nonionic polymers along with inorganic salts to the surfactant solution

one can induce phase separation over a wide range of initial surfactant concentrations. The

resulting concentration of surfactant molecules in the surfactant-rich phase is high enough to

form ordered structures.

Figure 36: Schematic representation of four types of studied experimental systems: (a) mixture
of cationic surfactant and cationic polyelectrolyte, (b) mixture of anionic surfactant and anionic
polyelectrolyte, (c) mixture of cationic surfactant and nonionic polymer – either undoped or
doped with inorganic salt, and (d) mixture of anionic surfactant and nonionic polymer. For the
cases (a) – (c) the phase separation occurs for sufficiently high mass fraction of polyelectrolyte
or nonionic polymer and salt. In the case (d) the phase separation was not observed.
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3.1.2 Sample preparation

The samples were prepared in ambient conditions at the room temperature (about 25 °C).

The solutions were prepared by dissolving surfactants and polyelectrolytes/polymers in a sol-

vent in appropriate weight proportions. As a solvent I applied (i) either pure water or (ii) a

mixture of water and one of the two organic polar solvents: acetone or ethanol. To calculate the

mass fraction of surfactant, Cs, and polymer, Cp, in the sample, the following formulas were

applied:

Cs =
ms

ms +msolv

, (22)

Cp =
mp

mp +msolv

, (23)

where ms, mp, msolv are, respectively, the mass of surfactant, polymer, and the solvent. In

order to determine the exact mass of polymer and solvent in the sample of a known surfactant

and polymer concentration, Equations (22) and (23) needed to be transformed to the following

forms.

mp = ms
Cp(1− Cs)

Cs(1− Cp)
, (24)

msolv = ms
(1− Cs)

Cs

(25)

mp =
1

p
ms

Cp(1− Cs)

Cs(1− Cp)
, (26)

msolv = ms
(1− Cs)

Cs

− (1− p)mp, (27)

Equations (24) and (25) were valid in the case of samples, in which the polymer was used in

the pure form, whereas Equations (26) and (27) were valid in case where an aqueous polymer

solution with a percentage concentration, p. If the solvent was a mixture of water and a polar

solvent (acetone or ethanol), the mass of the solvent was calculated as a sum of the mass of

water and the mass of the polar solvent, msolv = mH2O +mpol. The amount of the polar solvent,

ν, was expressed as the mass fraction,

ν =
mpol

msol

. (28)
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In experiments where the system was doped with inorganic salt, the amount of salt was

measured relative to the content of the surfactant in the solution, as the molar fraction

φsalt =
Nsalt

Ns

, (29)

where Nsalt and Ns denote, respectively, the number of moles of the salt and the surfactant.

To obtain homogeneous solutions the samples were first heated up to about 60 °C and thor-

oughly blended using a magnetic stirrer. After that, in order to remove gas bubbles from the bulk

of the solution, the samples were ultracentrifuged (using the Hettich Universal 32 centrifuge).

Before the examination, the samples were allowed to relax at the room temperature. The mix-

tures were initially clear (transparent). The process of phase separation was accompanied by

the formation of a cloudy phase. The cloudy and the clear phases were separated by a sharp

interface and corresponded, respectively, to the surfactant-rich and the polymer-rich phases. If

the process of the phase separation took place, the cloudy phase showed up usually 1 or 2 h

after the sample preparation. If the sample remained clear for more than 10 h I assumed that the

phase separation does not occur. Typically, the volume of the sample was about 10 cm3.

To determine the threshold concentrations of salt in the experiments with the solutions of

CTAB and PEG doped with NaCl, the salt was added successively to the system starting from

the molar fraction φsalt = 0. The amount of salt was increased by either 0.05 or 0.1. Each

time after the addition of NaCl the solutions were blended using magnetic stirrer at the room

temperature and then relaxed for a couple of hours. A photograph of the sample – a mixture of

CTAB (Cs = 15%) and PEG (Cp = 5%) doped with NaCl (φsalt = 0.6) – taken before and after

the phase separation is shown in Figure 37.

3.1.3 Optical studies

When the separation process took place, the cloudy (surfactant-rich) phase was further in-

vestigated with the optical microscopy with the purpose of determining whether it represents

an ordered or disordered phase. The samples for the microscope studies were prepared in the

following way (cf. Figure 38). First, with the aid of a syringe, a small portion of the cloudy

phase was placed between two glass plates of the diameter of about 15 mm. Prior to use, the

plates were cleaned in the ultrasound cleaner and washed in acetone and methanol. The dis-
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Figure 37: The mixture of CTAB (Cs = 15%) and PEG (Cp = 5%) doped with NaCl (φsalt = 0.6)
before (left) and after (right) the phase separation process. The cloudy and the clear region in
the right picture corresponds to the surfactant-rich and the polymer-rich phase, respectively.
The time difference between the pictures is about five hours.

tance between the plates – controlled with the use of aluminum spacers – was 100 µm. Finally,

the sample was sealed with the glue "Poxipol" to prevent water from evaporating during the

observations. The sample was investigated using optical microscope equipped with crossed po-

larizers. To determine the type of the ordering, the texture of the sample was compared to the

textures of the hexagonal phases formed by aqueous solutions of the surfactant (with known

type of ordering, based on the phase diagrams [193,194,216]). An example of the texture of the

surfactant-rich phase obtained from the CTAB/PDDAC/water ternary mixture and the texture

of the hexagonal phase observed in CTAB/water binary mixture (25 wt.-%) is shown in Fig-

ure 39.
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Figure 38: Scheme of sample prepared for polarized optical microscopy studies.

Figure 39: The photograph of the texture of the surfactant-rich phase which emerged in the
mixture of CTAB (Cs = 5% ) and PDDAC (Cp = 16%) as a result of the phase separation (top),
and (bottom) the texture of the hexagonal phase observed in the aqueous solution of CTAB at the
surfactant mass fraction 25 wt. %, at the temperature 25 °C. Pictures obtained from the optical
microscopy under crossed polarizers. As seen, the concentration of the surfactant molecules in
the surfactant-rich phase is high enough to induce the hexagonal ordering.
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3.1.4 Phase separation in mixtures of ionic surfactants and polyelectrolytes

I. Cationic surfactant and cationic polyelectrolyte

To investigate the phase separation in the system composed of cationic surfactant and cationic

polyelectrolyte I performed a systematical study of aqueous solutions of CTAB and PDDAC.

We employed the CTAB/PDDAC mixtures for the following seven mass fractions of the sur-

factant: 3%, 5%, 7%, 10%, 12%, 15%, and 20%. For each of the above mass fractions of

CTAB, I determined the threshold mass fractions, C?
p, of PDDAC. The threshold mass frac-

tion was estimated in the following way: For the mass fractions of the polyelectrolyte lower

than C?
p the mixture did not separate, for the mass fractions higher than C?

p it separated into

the surfactant-rich and the polyelectrolyte-rich phases. I found that the phase separation can

be induced by addition of the polyelectrolyte for a wide range of the surfactant mass fractions.

I observed the separation in the systems in which the mass fraction of CTAB was close to

that corresponding to the spontaneous ordering of the hexagonal phase in the binary mixture

CTAB/water (about 20 wt.%) as well as in the mixtures of low mass fraction of the surfactant.

I found that the amount of the polyelectrolyte needed to induce the phase separation process

decreased with the mass fraction of the surfactant. In the mixture of high surfactant mass frac-

tion, containing 15% CTAB, the phase separation was induced by a small admixture (of the

order of 2.5%) of PDDAC. In the mixture of low surfactant mass fraction (∼ 3%), the phase

separation took place when the mass fraction of the polyelectrolyte reached about 18.5%. The

dependence of the threshold mass fraction of the polyelectrolyte on the surfactant mass fraction

for the CTAB/PDDAC/ water ternary mixture studied is shown in Figure 40.

The analysis of the textures, carried out using the optical microscopy under crossed polariz-

ers, revealed that for all mass fractions of CTAB used, the surfactant-rich phases exhibited the

hexagonal order. This result is not surprising in view of the fact that at the temperatures higher

than 20 °C the first ordered phase observed in the CTAB/water binary mixture is the hexagonal

phase [194], which occurs for the mass fraction of CTAB about 25% (cf. phase diagram of CTAB

shown in Figure 35).

Note also that the molar concentration corresponding to the surfactant mass fractionCs = 3%,

at which the phase separation was observed in my experiments is, approximately, only 80 times

bigger than the critical micelle concentration, CMCCTAB = 0.9 mM [180]. Thus, by addition of

the polyelectrolyte I can induce the phase separation in a wide range of the surfactant concen-
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Figure 40: Phase diagram for the aqueous solutions of CTAB/PDDAC (cationic surfac-
tant/cationic polyelectrolyte) and SDS/PSS (anionic surfactant/anionic polyelectrolyte) plotted
in the surfactant mass fraction (Cs) – polyelectrolyte mass fraction (Cp) plane. The data points
represent the threshold mass fractions, C?

p, of the polyelectrolytes needed to induce the phase
separation process. The threshold mass fractions were determined for selected mass fractions
of the surfactant at the temperature 25 °C. For the mass fractions of the polyelectrolytes higher
than C?

p the mixtures separate into the surfactant-rich and the polymer-rich phases. The dashed
lines represent least-squares fit of Equation (40) to the experimental data.

trations.

To demonstrate the robustness of the effect studied I also carried out a number of experi-

ments with other cationic surfactants: TTAB, CPB, and CTAB, and two other cationic polyelec-

trolytes: PDDAC and PEI. As a solvent either water, mixtures of ethanol and water, or mixtures

of acetone and water was used. I did not perform detailed studies of the phase diagram for these

systems. That is, in contrast to the CTAB/PDDAC/water system, I did not determine the thresh-

old mass fractions of the polyelectrolytes. The aim of the experiments was simply to show that

it is possible to find the mass fraction of the polyelectrolyte, Cp, at which the phase separation

occurs for given mass fraction of the surfactant, Cs. The results of the experiments are summa-

rized in Table 2. The values of Cp listed in the last column represent the mass fractions of the

polyelectrolyte that was sufficient to induce the phase separation.
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surfactant polyelectrolyte solvent Cs (wt %) Cp (wt %)

TTAB PDDAC w 20 20

TTAB PDDAC w 30 10

TTAB PEI w 30 20

TTAB PDDAC w+a (5%) 30 10

CPB PDDAC w 15 5

CPB PDDAC w+a (5%) 15 10

CTAB PDDAC w+a (5%) 10 15

CTAB PDDAC w+a (95.5%) 15 15

CTAB PDDAC w+e (5%) 15 10

Table 2: Examples of the polymer-induced phase ordering observed in different cationic surfac-
tant/cationic polyelectrolyte systems. The symbols "w", "w+a", and "w+e" refer, respectively,
to water, mixture of water and acetone, and mixture of water and ethanol. The numbers in
brackets denote the amount of acetone/ethanol, ν, in the solvent mixture (see Equation (28)).
The polymer mass fractions, Cp, are not the threshold mass fractions. The values of the thresh-
old mass fractions have been investigated in detail only for the CTAB/PDDAC/water system.
Here I only show that the same effect is observed for other systems.

II. Anionic surfactant and anionic polyelectrolyte

To study the phase separation in the system composed of anionic surfactant and anionic

polyelectrolyte I employed aqueous solutions of SDS and PSS. The SDS/PSS/water ternary

mixture was investigated for the following nine mass fractions of SDS: 3%, 5%, 10%, 15%,

20%, 25%, 30%, 35%, and 40%. For each of the above mass fractions of the surfactant, we

determined the threshold mass fractions of the polyelectrolyte, C?
p, above which the phase sep-

aration was observed. I found that for all the surfactant mass fractions the phase separation

process can be induced by increasing the content of the polyelectrolyte in the mixture. As in

the case of the cationic surfactant/cationic polyelectrolyte system discussed previously, I ob-

served that the amount of the polyelectrolyte necessary for the phase separation process to

occur decreased with the mass fraction of the surfactant. For example, in the mixture of high

SDS content (Cs = 35%), the phase separation was induced by a relatively small amount of PSS

(Cp ∼ 3.5%) in the solution. In the mixture of low surfactant mass fraction (Cs = 3%), the phase

separation occurred for the mass fraction of the polyelectrolyte Cp ∼ 26%. The dependence

of the threshold polyelectrolyte mass fraction on the surfactant mass fraction for the system
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studied is presented in Figure 40. Based on the optical microscopy studies of the textures, I

found that for all the mass fractions of SDS, the surfactant-rich phases represented the hexago-

nal ordering. I also noted that the amount of surfactant in the mixture (Cs = 3%) at which the

phase separation was induced is, approximately, only 13 times bigger than the critical micelle

concentration, CMCSDS = 8.16 mM [184].

I also investigated three other systems: SDS/PAAS/water, DSS/PAAS/water, and a solution

of SDS and PSS in the mixture of water and acetone. My goal was to confirm the effect of

polyelectrolyte on the phase separation and to demonstrate that it is possible to find the mass

fraction of the polyelectrolyte, Cp, at which the phase separation takes place for given mass

fraction of the surfactant, Cs. In contrast to the SDS/PSS/water system, I did not perform

detailed studies of the phase diagram and did not determine the threshold mass fractions of the

polyelectrolytes. The results of the experiments are summarized in Table 3.

surfactant polyelectrolyte solvent Cs (wt %) Cp (wt %)

SDS PAAS w 10 20

SDS PSS w + a (5%) 15 20

DSS PAAS w 10 15

Table 3: Examples of the polymer-induced phase ordering observed in different anionic surfac-
tant/anionic polyelectrolyte systems. The symbols "w", "w+a", stand for water and mixture of
water and acetone, respectively. The number in bracket denotes the content, ν, of acetone in the
solvent mixture (see Equation (28)). The polymer mass fractions, Cp, are not the threshold mass
fractions. The values of the threshold concentration have been investigated in detail only for the
SDS/PSS/water system. Here I only show that the same effect is observed for other systems.

III. Effect of inorganic salt

To investigate the effect of salt on the phase separation, I conducted series of experiments on

both the SDS/PSS/water and CTAB/ PDDAC/water systems employing NaCl as the inorganic

salt. The experiments were carried out at the temperature 25 °C. I found that in each system

the addition of the salt resulted in lowering of the mass fraction of the polyelectrolyte, C?
p,

needed to induce the phase separation. However, for the systems studied, the salt added without

the polyelectrolyte did not induce the hexagonal ordering in the surfactant-rich phase. The

dependence ofC?
p on the molar fraction of NaCl for the SDS/PSS/water system for the surfactant
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mass fraction Cs = 20% is shown in Figure 41. As seen, C?
p decreases with the increasing

content of the salt added and saturates at about φsalt = 1.0. Similar effect was observed for

the CTAB/PDDAC/water system. For this system, for the surfactant mass fraction Cs = 10%, I

found that the addition of NaCl lowers the threshold mass fraction of the polyelectrolyte from

C?
p = 9.5% (observed for φsalt = 0.0) to C?

p = 2.5% for φsalt = 1.0.

Figure 41: The threshold mass fraction, C?
p, of the polyelectrolyte (PSS) needed to induce the

phase separation/ordering process in the SDS/PSS/water system as a function of the molar frac-
tion, (φsalt), of the NaCl added. The mass fraction of the surfactant (SDS) is Cs = 20%, the
experiment was conducted at the temperature 25 °C. For the mass fractions of the polyelec-
trolyte higher than C?

p the mixtures separate into the ordered (hexagonal) surfactant-rich and
the polymer-rich phases. The solid lines are plotted as guides for the eye.
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3.1.5 Phase separation in mixtures of ionic surfactants and nonionic polymers

I. Cationic surfactant and nonionic polymer doped with inorganic salt Aqueous solutions

of CTAB and PEG were used to investigate the phase separations in cationic surfactant/nonionic

polymer system. I studied three surfactant mass fractions of CTAB: 10%, 15%, and 20%, and

the mass fractions of PEG in the range from 1% to 50%. For each the mass fractions I examined

the effect of the salt on the phase separation. I found that for each of the mass fractions of CTAB

Figure 42: The threshold molar fraction, φ?salt, of NaCl needed to induce the phase separation in
the aqueous solutions of CTAB/PEG/NaCl at the temperature 25 °C, plotted as a function of the
mass fraction of PEG for three mass fractions of CTAB: 10, 15, and 15%. The solid lines are
drawn as guides for the eye. For the molar fractions of the salt above φ?salt the system separates
into the surfactant- and the polymer-rich phases.

studied there existed two threshold mass fractions of PEG: (i) the upper threshold mass fraction,

Cup
PEG, above which the phase separation takes place without the addition of the salt, and (ii) the

lower threshold mass fraction, C low
PEG, below which the phase separation could not be induced by

the addition of the salt. The values of Cup
PEG decreased with the mass fraction of CTAB. For the

mass fractions of CTAB Cs = 10%, 15%, and 20%, the upper threshold mass fractions of PEG,
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Cup
PEG, were estimated as 50%, 40%, and 30%, respectively. The value of the lower threshold

mass fraction was approximately the same for the three mass fractions of CTAB studied. It was

estimated as C low
PEG ≈ 2%.

For each mass fraction of CTAB, for the mass fractions of PEG in the range between C low
PEG

and Cup
PEG, I determined the threshold molar fraction of NaCl, φ?salt, representing the minimal

amount of the salt needed to induce the phase separation. If the amount of NaCl was lower than

φ?salt the mixture did not separate; for φsalt ≥ φ?salt the mixture separated into the surfactant-rich

and the polyelectrolyte-rich phases. The values of φ?salt as a function of the mass fraction of

PEG are plotted for three mass fractions of CTAB in Figure 42. From the optical microscopy

studies of the textures, I found that for all mixtures, the surfactant-rich phase represented the

hexagonal ordering. I also confirmed the robustness of the effect of inorganic salt on the phase

separation by studying variety of other systems being aqueous solutions of cationic surfactants

and nonionic polymers. The aim of my experiments was to find – for a given mass fraction

of surfactant and polyelectrolyte – the molar fraction of inorganic salt that was sufficient to

induce the phase separation. In contrast to the CTAB/PEG/water system, I did not find the

threshold molar fraction of salt needed to induce the phase ordering. Results of the experiments

are presented in Table 4. Note that for each mixture listed in Table 4 the phase separation did

not take place in the absence of inorganic salt.

II. Anionic surfactant and nonionic polymer

To study the phase separation in the system composed of anionic surfactant and nonionic

polymer I used solutions of SDS and PEG. I investigated mixtures of the following percentage

compositions of the surfactant and the polymer: (10%, 0.5 – 60%), (20%, 5 – 30%), (30%,

5 – 35%), (35%, 5 – 20%), and (45%, 5 – 30%). The first terms in the brackets refer to the

mass fractions of SDS, and the second terms denote the ranges of the mass fractions of PEG

employed. In the experiments, the mass fractions of the polymer were sampled with ∆Cp =

5%. Note here that the viscosity of the mixture increases rapidly with the content of PEG. For

this reason I did not use samples with the polymer mass fractions higher than about 60%. For

any of the mixtures studied the phase separation process did not occur. Also, in order to check

possible effect of inorganic salt on the phase separation, for selected mass fractions of SDS,

NaCl was added to the mixture. I found that the salt induced the phase separation only for the
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surfactant polymer salt Cs (wt %) Cp (wt %) φsalt

CTAB PEG Ni(NO3)2 · 6 H2O 10 10 0.7

CTAB PEG CuSO4 10 10 0.7

CTAB PEG CoSO4 · 7 H2O 10 10 0.7

CTAB PEG MnSO4 · 5 H2O 10 10 0.7

CTAB PEG NaNO3 10 10 0.7

CTAB PVA NaCl 20 30 1.0

TTAB PEG NaCl 10 10 1.3

TTAB PEG NaCl 15 10 0.6

TTAB PVA NaCl 30 3 1.0

CPB PEG NaCl 10 10 1.0

CPB PEG NaCl 15 10 0.6

CPB PVA NaCl 18 3 1.0

CPB PVA CoSO4 · 7 H2O 18 3 1.0

CPB PVA Ni(NO3)2 · 6 H2O 18 3 0.8

DTAC PEG NaCl 35 15 1.5

Table 4: Examples of the phase ordering induced in different cationic surfactant/nonionic poly-
mer systems doped with inorganic salt. For each mixture listed, the phase separation did not
occur in the absence of the salt. The molar fractions, φ, are not the threshold fractions. The
values of the threshold molar fractions have been investigated in detail only for the mixture
CTAB/PEG/water doped with NaCl. Here I only demonstrate that the same effect is observed
for other systems.

highest total mass fractions of PEG and SDS, when the salt was added in a relatively high molar

fraction (φsalt = 2.0).
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3.1.6 Discussion

I. Ionic surfactant/polyelectrolyte

The mechanism of the polyelectrolyte-induced phase separation in the ionic surfactant/-

polyelectrolyte system can be explained in terms of the chemical potential of water in the

surfactant- and polymer-rich phases. It was found in Ref. 146 that the interface between these

two coexisting phases acts as a semipermeable membrane [217]. That is, this interface is per-

meable to water (and small ions) but not to large polyelectrolyte molecules. Therefore, the

thermodynamic equilibrium in the system is determined by the equality of the chemical poten-

tial of water in the surfactant-rich phase, µsurfH2O , and in the polymer-rich phase, µpolyH2O,

µsurfH2O(xsurfH2O) = µpolyH2O(xpolyH2O), (30)

where xsurfH2O and xpolyH2O denote, respectively, molar fraction of water in the surfactant- and the

polymer-rich phase. The chemical potentials are the following functions of the activities, asurfH2O

and apolyH2O, of water in the surfactant-rich and the polymer-rich phase:

µsurfH2O(xsurfH2O) = µ0
H2O +RT ln asurfH2O , (31)

µpolyH2O(xpolyH2O) = µ0
H2O +RT ln apolyH2O, (32)

where µ0
H2O denotes the chemical potential of water in the standard state, T is the temperature,

andR is the gas constant. The water activities are linked with the molar fractions by the relations

asurfH2O = γsurfH2Ox
surf
H2O , and apolyH2O = γpolyH2Ox

poly
H2O, where γsurfH2O γpolyH2O denote, respectively, the activity

coefficients of water in the surfactant and polymer-rich phase. The molar fractions of water

both in the surfactant- and polymer-rich phase are close to unity, and, consequently, γsurfH2O ≈

γpolyH2O ≈ 1. Thus, from Equations (30), (31), and (32) one gets

lnxsurfH2O = ln xpolyH2O, (33)

The molar fraction of water in the surfactant-rich phase can be estimated based on the molar

fraction, xsurf of the surfactant. The space between the charged micelles is filled with water and

the counterions released by the surfactant molecules (Na+ for SDS and Br− for CTAB). Some
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fraction of the counterions are bound to the surface of the micelles and form an immobile layer

(referred also to as the Stern layer). The rest of the counterions are weakly associated with

the micelles and form a diffuse layer. Only the latter affect the molar fraction of water in the

surfactant-rich phase. Denote the fraction of the diffuse ions by ψ (ψ ≤ 1). Then, xsurfH2O is given

by

xsurfH2O ≈ 1− ψxsurf . (34)

In the polymer-rich phase two types of ions are present: the charged polyelectrolyte molecules

and the accompanying counterions (Na+ for PSS and Cl− for PDDAC). If I denote the average

number of counterions released from the dissociation of the polyelectrolyte molecule as n (n�

1) the molar fraction of water in the polymer-rich phase is given by

xpolyH2O = 1− (1 + n)xpoly ≈ 1− nxpoly, (35)

where xpoly is the molar fraction of the polyelectrolyte molecules in the polymer-rich phase.

From Equations (33), (34), and (35), one gets the following condition for the quality of the

chemical potentials of water in both the phases:

ψxsurf = nxpoly, (36)

I note that, in general, the exchange of small ions between the polymer- and surfactant-rich

phases can occur. That is, the counterions released from the surfactant molecules can migrate to

the polymer-rich phase and these released from the dissociation of the polyelectrolyte molecules

migrate to the surfactant-rich phase. However, the number of polyelectrolyte molecules in the

polymer-rich phase and the number of surfactant molecules in the surfactant-rich phase remains

unchanged. Thus, to maintain the electrical neutrality, the total number of counterions of either

type is constant in both the phases. It follows that the molar fractions of the counterions are

fixed. Consequently, the condition (36) is valid even if the surfactant and the polyelectrolyte

releases different types of counterions, provided they are monovalent.

The relation (36) allows to predict the amount of polyelectrolyte needed to induce the phase

separation in the system. Denote by Cm
s the minimal mass fraction of the surfactant in the
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surfactant-rich phase needed to get an ordered (hexagonal) phase. If the mixture separates into

the polymer- and the surfactant-rich phase, the ordering takes place in the latter phase when

the mass fraction, Cs, of the surfactant in this phase is larger than or equal to Cm
s . In the

following, I find the mass of the polyelectrolyte, mp, that has to be added to the binary solution

of surfactant/water of the mass fraction Cs to induce the ordering in the surfactant-rich phase

after the phase separation. At equilibrium, water distributes between the two coexisting phases

according to Equation (36). The mass of the surfactant, ms, that is sufficient to induce the phase

ordering corresponds to the mass fraction of the surfactant equal to Cm
s . The mass of water,

msurf
H2O , in the surfactant-rich phase is then given by

msurf
H2O =

1− Cm
s

Cm
s

ms, (37)

The total mass, mH2O of water in the system is

mH2O =
1− Cs

Cs

ms. (38)

The conservation of the mass of water yields

msurf
H2O +mpoly

H2O = mH2O, (39)

where mpoly
H2O is the mass of water in the polymer-rich phase. Combining Equations (36) – (39)

one gets the following relationship between the threshold mass fraction, C?
p, of the polyelec-

trolytes needed to induce the phase separation/ordering process and the surfactant mass fraction,

Cs, in the mixture:

C?
p

1− C?
p

= K
Mpoly

Msurf

(
Cm

s

1− Cm
s

− Cs

1− Cs

)
, (40)

where K = ψ/n; Mpoly and Msurf are, respectively, the molar mass of the polyelectrolyte and

the surfactant.

I fitted the relation (40) to the experimental data obtained for the SDS/PSS/water and CTAB/-

PDDAC/water systems. The quantity K and the value Cm
s were the fitting parameters. The

results of the fitting are shown in Figure (40). As seen, the dependencies obtained based on

http://rcin.org.pl



From dilute to condensed systems - polymer induced phase separation for ionic surfactants 94

Equation (40) agree fairly well with the experimental data. For the SDS/PSS/water mixture I

obtained Kan = 2.21 10−3 and Cm
s = 35.8% (slightly lower than the value ∼ 40% following

from the phase diagram of the SDS/water mixture [193]). Assuming a complete dissociation,

one PSS molecule releases the number n of counterions equal to the number of the composing

monomers. For the average molar mass MPSS = 70,000, one getsn ≈ 340. This value, com-

bined with the ratio Kan obtained, gives reasonable estimate of the fraction of the diffuse ions

in the surfactant-rich phase ψan = Kann = 0.75. For the CTAB/PDDAC/water system the fit of

Equation (40) yieldedKcat = 2.47 10−3, andCm
s = 18.6% (close to the value∼ 20% that follows

from the phase diagram of the CTAB/water mixture [194]). Large mass polyelectrolytes do not

dissociate completely but some part of the counterions remain bounded with polyions [218]. Ad-

ditionally, PDDAC is known [219] to entrap water molecules. The polymer-fixed water contains

the Cl− anions that do not contribute to the water activity in the polymer-rich phase. Thus, the

effective number, neff , of the anions released into the solvent by one PDDAC molecule is lower

than the number n of the monomers composing the PDDAC molecule. In the experiments I

used PDDAC of the average molar mass MPDDAC = 150,000, corresponding to n ≈ 929. To

estimate neff I assumed that the fraction of the diffuse anions in the surfactant-rich phase is of

the order of unity, ψcat ∼ 1.0. From the value Kcat obtained I got neff = ψcat/Kcat ∼ 400. That

is, the PDDAC molecule releases into the solvent roughly a half of all possible counterions.

II. Ionic surfactant/nonionic polymer

In the following, I discuss the phase separation occurring in the mixture of ionic (cationic)

surfactant and non-ionic polymer (PEG) without the addition of salt. As in the case of the ionic

surfactant/polyelectrolyte system, I consider the chemical equilibrium between water molecules

in the surfactant-rich and the polymer-rich phase. The main contribution to the chemical poten-

tial of water in the surfactant-rich phase is due to the presence of the ions. It is written as (cf.

Equation (31))

µsurfH2O = µ0
H2O +RT ln asurfH2O ≈ µ0

H2O −RTψxsurf (41)

In the PEG-rich phase the main contribution to the chemical potential comes from the interac-

tions of water molecules with oxygen atoms in the polymer chains [146]. If I assume that one

PEG molecule consists of Z oxygen atoms (Z ≈ 457 for PEG 20 000) the chemical potential
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of water in the PEG-rich phase can be written as

µpolyH2O ≈ µ0
H2O −RTxPEG − εZxPEG, (42)

where xPEG is molar fraction of the PEG molecules, and ε is some constant of the dimension

of J/mol. In Equation (42), the product of Z and xPEG approximates the average number of the

oxygen atoms per one water molecule in the PEG-rich phase. Equating (41) and (42) I get

xsurf ≈
ε

RT

Z

ψ
xPEG (43)

The last term in Equation (42) was neglected since xPEG is negligibly small compared with

xsurf . Combining Equation (43) with Equations (37) – (39), I obtain the following relation

between the mass fraction of PEG, Cup
PEG, above which the phase separation occurs without the

addition of salt for a given surfactant mass fraction, Cs:

Cup
PEG

1− Cup
PEG

=
RTψ

Zε

MPEG

Msurf

(
Cm

s

1− Cm
s

− Cs

1− Cs

)
, (44)

where Cm
s is the minimal mass fraction of the surfactant needed to induce the phase ordering in

the surfactant/water system. According to Equation (44), Cup
PEG decreases with the increasing

Cs. This agrees well with the results of the experiments on the CTAB/PEG/water system.

As I found, the nonionic polymer can induce the phase separation and ordering for cationic

surfactant (CTAB) only. It is, however, not clear why the phase ordering is not induced in the

solution of anionic surfactant (SDS) by the addition of the nonionic polymer (PEG). This fact

can be attributed to the presence of the interactions between PEG and the sulfate groups of the

SDS molecules [210,212,213,220,221]. As it was mentioned in Section 1.2.6, the SDS molecules bind

to the PEG chains to form aggregates. This effect can prevent the micelles from condensing

into ordered structures. Further studies are needed to elucidate this phenomenon.
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III. The effect of salt

To discuss the effect of salt on the phase separation I invoke the Donnan effect (equilib-

rium) [222]. The Donnan equilibrium establishes between two ionic solutions that are separated

by a semipermeable membrane allowing the passage of selected ions. To illustrate the Donnan

effect assume that, initially, one side (I) of the semipermeable membrane contains a solution

consisting of permeable cations such as Na+ with some impermeable large anions, and the

other side (II) contains pure solvent. After addition of NaCl (that dissociates into Na+ and Cl−

ions, which are permeable to the membrane) an equilibrium between ion concentrations on both

sides establishes. The resulting concentration of NaCl is higher on the side II of the membrane.

This uneven distribution of the salt is due to the presence of the immobile anions on side I

that create an electrostatic potential repelling the Cl− anions. Overall, the salt added tends to

equalize the total concentrations of ions on both sides of the membrane and reduces the osmotic

pressure.

In the system composed of ionic surfactant and polyelectrolyte or ionic surfactant and non-

ionic polymer, the phase boundary between the polymer- and the surfactant-rich phase acts as

a semipermeable membrane. That is because the interface is permeable for small ions and is

impermeable neither for the charged polyelectrolyte molecules, polymer molecules, nor for the

charged surfactant micelles. In the ionic surfactant/polyelectrolyte system, due to the Donnan

effect the inorganic salt added to the system does not distribute evenly to reduce the differ-

ence between the molar fractions xsurf and xpoly. Consequently, as observed in the experiments

(Figure 41), the amount of polyelectrolyte needed to induce the phase separation/ordering is

lower compared to that of undoped system. Similarly, in the ionic surfactant/nonionic polymer

system, the ions of the salt added are repelled by the counterions present in the surfactant-rich

phase. As a result, the salt distributes unevenly and concentrates mainly in the PEG-rich phase.

The presence of the salt in the polymer-rich phase counterbalances the initial excess of the ions

in the surfactant-rich phase. Thus, for a given mass fraction of the polymer and the surfactant,

the salt can equilibrate the chemical potentials in both the phases and induce the ordering in the

system, as observed in the experiments (Figure 42).
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3.1.7 Conclusions

In this Section I reported the results of studies devoted to the phase separation in four types

of surfactant/polymer systems: (i) anionic surfactants and anionic polyelectrolytes, (ii) cationic

surfactants and cationic polyelectrolytes, (iii) cationic surfactants and nonionic polymers ei-

ther undoped or doped with different inorganic salts, and (iv) anionic surfactants and nonionic

polymers. As a solvent, I have used either pure water or mixtures of water and polar solvents.

I have demonstrated experimentally that in the systems studied the phase separation can be

induced in two ways:

(1) by addition of ionic polyelectrolyte having the charge of the same sign as that of surfactant,

(2) by addition of nonionic water-soluble polymer alone or along with inorganic salt.

In each case the system separates into polyelectrolyte-rich and surfactant-rich phase with hexag-

onal ordering. The first method can be applied for both cationic and anionic surfactants. The

second method works well only for cationic surfactants. To demonstrate the robustness of my

method I studied a variety of ionic surfactants and polymers.

I have found that the effect of nonionic polymers on the phase separation is significantly

smaller than the effect of ionic polymers, as they can induce the phase separation only in so-

lutions of cationic surfactants, for high mass fraction of the polymer. For anionic surfactants

the addition of nonionic polymers does not result in the phase separation. I have found that

the addition of inorganic salt to the mixture of cationic surfactant and nonionic polymer can

induce the phase separation even for a small mass fraction of surfactant. Inorganic salt has

however significantly weaker effect on the phase separation for solutions of anionic surfactants

and nonionic polymers.

The method of the induction of the phase separation I developed is versatile and facilitates

formation of surfactant-rich ordered phases in a broad range of surfactant mass fractions. Re-

markably, the addition of ionic polyelectrolyte can trigger the phase separation even for very

small surfactant mass fraction – only one order of magnitude larger than the critical micelle

concentration. This makes the presented method potentially useful in industry, especially in

water purification processes to remove surfactant contamination. It can be also applied in mate-

rial engineering to produce hexagonal matrices that can be further processed and employed as

templates to fabricate structural functional materials [159,214,215].
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3.2 Nanoparticles in condensed surfactant systems

3.2.1 Introduction

In the previous Section (3.1), I discussed the polymer-induced phase separation in the sys-

tems that contain ionic surfactants. I showed that this method enables formation of condensed

surfactant phases of a desired ordering. The type of ordering of surfactant phase is determined

by the amount of polymer that is added to induce phase separation proces. In this Section I dis-

cuss the use of polymer-induced phase separation as a method allowing fabrication of soft and

solid nanocomposites. These nanocomposites (referred to as nanostructured materials) consist

of NPs embedded in ordered LLC template.

Nanostructured materials have potential applications [223,224] in a range of fields, including

electronics, optics, magnetism, medical science, electrochemistry, energy storage, and material

science. Among the diverse techniques [225,226] of fabrication of nanostructured materials that

have been developed over the past decades, the so-called template method [227–229] has attracted

special interest. The advantage of the template-based synthesis is that it offers a versatile way

to transform the template into the desired nanomaterial. The templates are usually composed

of soft matter, such as polymer gels, block polymers, biomolecules, fibers, emulsions, and

lyotropic liquid crystals (LLC). As it was discussed in Section 1.2.3, the LLC templates [226]

provide a variety of ordered phases, including lamellar, hexagonal, and cubic phases, with lat-

tice sizes ranging from a few to tens of nanometers. These ordered phases of lyotropic liq-

uid crystals have recently been used to fabricate nanocomposites containing metal, [52,53,152–154]

semiconductor, [52,54] and magnetic [155,156] NPs (NPs) or nanorods [55,56]. In the existing tech-

niques, the nanoobjects have been either grown in the LLC template [52–56] or are mixed with

surfactant [152–156]. In the later case, the desired ordered phase is obtained by the evaporation of

solvent or by a change in temperature.

As it was raised in Section 1.2.7, surfactants forming the LLC phases are known to act as

structure-directing agents in the formation of silica-based mesophases that are an intermediate

step in forming mesoporous materials with a well-defined pore structure. Such mesophases,

doped with noble metal NPs, are very promising nanocatalysts [87,165,230]. The silica-based

mesophase is obtained by introducing a silica precursor into the surfactant template. The silica

precursors undergo hydrolysis and then condense to form walls with a well-defined structure.
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Depending on the type of silica precursor, surfactant, and pH conditions, different types of the

silica-based mesophase can be obtained [161].

It has recently been shown [146,147,191] that the surfactant LLC template can be obtained by

inducing phase separation by adding polymer to an aqueous solution of surfactant. Upon the

addition of polymer, the system separates into polymer-rich and surfactant-rich phases. Depend-

ing on the amount of polymer, the surfactant-rich phase can exhibit different types of ordering.

This method works for nonionic surfactants and polymers [146,147] as well as ionic surfactants

and polyelectrolytes [191], as it was discussed in details in Section 3.1.

In aqueous micellar surfactant solutions, phase separation is driven by the dehydration of

the surfactant hydrophilic heads. At a fixed temperature, this process can be controlled by the

concentration of the surfactant molecules in the system. The dehydration enhances the van der

Waals attractive interactions between the micelles.

In aqueous solutions of nonionic surfactant and polymer, the phase separation is driven by

different mechanism. In this case, the attractive interactions between micelles is induced by

the presence of polymer molecules. These attractive forces are referred to as the depletion

forces and are due to the conformational entropy of the polymer chains [149,150,202,203]. As it was

discussed in Section 3.1.1, if the distance between micelles in the solution is small enough,

the polymer coils cannot enter between them. This causes, that the space between micelles is

depleted with respect to the polymer concentration. The polymer molecules outside the deple-

tion zone induce an osmotic pressure that pushes the micelles together and leads to the phase

separation into the surfactant-rich phase and the polymer-rich phase [151].

In the case of an ionic surfactant, the repulsive electrostatic interactions stabilize the micellar

solution, and the entropic forces caused by the nonionic polymer are usually too weak to induce

the phase separation. However, as I discussed in previous Section (3.1), the phase separation can

be induced by adding polyelectrolyte having the same sign of the charge as that of the surfactant.

In this case, the electrostatic interactions between the charged micelles and the polyelectrolyte

molecules enhance the depletion forces and lead to the phase separation and further ordering of

ionic surfactants.

The phenomenon of polymer-induced phase separation (PIPS) has already been used [231] to

obtain dispersions of uncharged carbon nanotubes in the LLC templates formed by nonionic

surfactant. Here, I deal with ionic systems and propose a method of incorporating charged
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NPs into LLC templates. In terms of the interactions, method of treatment, and solubility,

ionic and nonionic solutions are completely different. Dispersions of charged particles are

stabilized by electrostatic repelling interactions. For this reason, it is very difficult to overcome

the electrostatic energy barrier and bring the system into an ordered phase. For example, the

addition of salt reduces the repulsive forces but usually results in the formation of amorphous

aggregates.

In this Section of the dissertation, I make use of the PIPS phenomenon to develop a method

providing a convenient way to transform the dispersion into an ordered, thermodynamically

stable phase. I demonstrate that my method enables the incorporation of charged NPs into the

LLC matrices composed of both ionic and nonionic surfactants.

3.2.2 Polymer-induced phase separation (PIPS) method

In this part of the dissertation, I make use of the phenomenon of polymer-induced phase

separation to introduce charged NPs into the LLC surfactant templates. The idea of the PIPS

method is explained in Figure 43.

Figure 43: Schematic representation of the PIPS method. At the beginning, surfactant is dis-
solved in an aqueous solution of NPs, and homogeneous solution is formed. Then, polymer is
added and dissolved. Finally, the sample is allowed to relax to complete the phase transition.

To obtain the LLC matrix doped with NPs, I applied the following two-step procedure. First,

surfactant is dissolved in an aqueous solution of NPs and well mixed at 30 °C. Such a mixture

can be easily processed to obtain the desired properties of the NPs. In particular, other nano-

objects and chemicals can be added. In the second step, polymer is added to this solution and

thoroughly stirred at about 30 °C. Then, the sample is allowed to relax for about an hour at the

same temperature to complete the phase transition. In the process, the system separates into

two phases: the ordered surfactant-rich (upper) phase that is also rich in NPs and the polymer-
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rich (bottom) phase. The ordering of the resulting LLC phase is controlled by the proportion

between surfactant and added polymer.

I applied the PIPS method to introduce NPs of either charge into the nonionic LLC phase as

well as into ionic (both cationic and anionic) LLC phases. The mixtures used in my experiments

were characterized by the initial content of polymer, surfactant, and NPs in the homogeneous

phase, before the phase separation. The proportion between surfactant and polymer was rep-

resented by their mass fractions (as for surfactant/polymer/water systems, cf. Section 3.1.2).

The number of NPs was characterized by molar concentration. The time lapse of the phase

separation process occurring in the system C12E6/PEG/Au(-) is shown in Figure 44.

Figure 44: The time lapse of the process of the phase separation occurring in the aqueous solu-
tion of C12E6, PEG, and Au(-) (b). The initial composition of the sample was 20% C12E6/10%
PEG w/w; the initial concentration of the NPs in the solution was 1.9 10−7 M. The upper (dark)
phase is the surfactant-rich LLC phase, the bottom phase is the polymer-rich phase. During the
phase separation process all NPs moved into the upper surfactant-rich phase.

3.2.3 UV-vis absorbance measurements

To determine the concentration of metal NPs in the system both before and after phase

separation, I applied the UV-vis absorbance technique. As I found, for the concentrations of NPs

used, the absorbance of the NP/polymer/water system was a linear function of the concentration

of the NPs. An example of the calibration plot for Ag(+) is shown in Figure 45.

Because the surfactant-rich phase is very cloudy (cf. Figure 44), it was impossible to deter-

mine the concentrations of the NPs in the LLC matrix on the basis of direct UV-vis absorbance

measurements. To circumvent this problem and find the concentration of metal NPs transferred

into the LLC phase, I investigated the NPs that were left in the transparent polymer-rich phase.
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I did it in the following way: denoted the initial (i.e., before phase separation) volume of NP

solution and the initial concentration of NPs as V 0 and C0
NP, respectively, and then calculated

the number of NPs transferred into the LLC phase, NLLC
NP , from the relation

NLLC
NP = V 0C0

NP − V polCpol
NP, (45)

where V pol and Cpol
NP are the volume of the polymer-rich phase and the concentration of the NPs

remaining in this phase after the phase separation, respectively. The volume V pol was measured

directly using a syringe.

To find the ratios of the absolute values of the net charges on the surfaces of NPs, we

performed titration studies based on the UV-vis absorbance. The number of negatively and

positively charged NPs was characterized by the molar fraction, χ, defined as

χ =
N−

N− +N+

, (46)

where N− and N+ denote the number of moles of the negatively and positively charged NPs

in the system, respectively. The titration point, χ∗, corresponds to the electroneutrality of the

system. This condition is fulfilled when

N−Q− = N+Q+, (47)

where Q− and Q+ denote the total net charge over the negatively and positively charged NPs,

respectively.

From Equations (46) and (47), the charge ratio is calculated as

Q−

Q+

=
(1− χ∗)
χ∗

. (48)

http://rcin.org.pl



Nanoparticles in condensed surfactant systems 103

Figure 45: Absorbance-concentration calibration for the Ag(+)/polymer/water mixture. (a)
Changes of the absorbance spectrum for different concentrations of NPs (for fixed polymer
content). (b) Absorbance at the maximum of absorption vs. normalized concentration of NPs
solution. The value of the normalized concentration is equal to unity for the NPs concentration
c = 2.68×10−7 M. The plot shows that absorbance changes linearly with the NPs concentration.
Based on this calibration plot I calculated NPs concentrations.

NPs of opposite charge are known [67,232] to form clusters, especially near the electroneu-

trality point. The presence of the metal-metal clusters strongly affects the UV-vis absorption

spectrum. For this reason, it is impossible to determine the concentration of NPs in mixtures

of metal NPs. To quantify the PIPS method, I employed mixtures of QD(-) and Ag(+). Using
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mixtures of QDs and metal NPs instead of mixtures of metal NPs offered two important advan-

tages. First, as I verified, the metal-semiconductor clusters formed in the QD(-)/Ag(+) system

do not affect the UV-vis spectrum, and the calculation of the NP concentration based on the

UV-vis data was possible. Second, the absorbance of QD(-) is very low compared to that of the

metal NPs (Figure 46).

Figure 46: Comparison of the absorption spectra of positively charged silver NPs, Ag(+), and
negatively charged semiconductor QD(-), used in the experiments with mixed NPs solution. The
absorbance of the OD(-) is negligible compared with that of Ag(+) NPs. Inset: magnification
of the QD(-) absorption spectrum.

For this reason, the absorbance spectrum of the metal NPs was not altered by the presence

of the QDs. Results of the titration of Ag(+) with QD(-) are presented in Figure 47. I found

that for χ below the threshold value, χ∗ = 0.67± 0.01, the solution is stable and no aggregates

are present. The threshold value χ∗ corresponds to the electroneutrality of the system. At this

point, precipitation of the clusters composed of Ag(+) and QD(-) occurs and an abrupt decrease

in absorbance is observed.
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Figure 47: Titration of Ag(+) with QD(-). (a) Changes of the absorbance due to Ag(+) observed
during the titration process. (b) Amount of moles of Ag(+) present in the solution – measured
relative to the initial number of moles N0

Ag(+) in the system – plotted as a function of the molar
fraction, χ, of QD(-) added.
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3.2.4 PIPS in Nonionic Systems

I employed the PIPS method to introduce NPs into LLC phases of a nonionic surfactant

(C12E6) induced by a nonionic polymer (PEG). To demonstrate the versatility of the method, I

also applied PIPS to two ionic systems: (i) a cationic surfactant (CTAB) and cationic polyelec-

trolyte (PDDAC) and (ii) an anionic surfactant (SDS) and anionic polyelectrolyte (PSS).

I. Ordering of the LLC Matrix

In the case of nonionic C12E6/PEG/water systems, the PIPS method enabled the introduction

of charged NPs into the hexagonal and lamellar LLC phases. In Figure 48, the SAXS patterns

of the LLC (a) hexagonal and (b) lamellar phases doped with Au(-) are shown. The hexagonal

and lamellar phases were obtained, respectively, for C12E6/PEG weight fractions of 20%/10%

and 10%/36%. In each case, the concentration of Au(-) was 1.91 10−7 M. For comparison, in

Figure 48, the patterns of the corresponding pure LLC phases (without NPs), are also shown.

The positions of SAXS reflections as well as resulting characteristic parameters of pure and

doped hexagonal and lamellar phases are collected in Table 5. All the characteristic parameters

were determined on the basis of Equations (7) and (11) described in Section 2.1.2.

type of LLC doping (010) (110) (020) LLC characteristic parameter

hexagonal

pure
2θ, ° 1.60 2.77 3.20

a = 6.37
d, nm 5.52 3.19 2.76

Au(-)
2θ,° 1.58 2.73 3.16

a = 6.47
d, nm 5.58 3.23 2.79

lamellar

pure
2θ, ° 1.91 - 3.82

d = 4.62
d, nm 4.62 - 2.31

Au(-)
2θ, ° 1.90 - 3.80

d = 4.65
d, nm 4.65 - 2.32

Table 5: The positions of SAXS reflections as well as resulting characteristic parameters of pure
and Au doped hexagonal and lamellar phases. The errors of positions of SAXS reflections as
well as of resulting characteristic parameters do not exceed 1%.
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Figure 48: SAXS patterns of the hexagonal (a) and the lamellar (b) LLC phase formed in
the C12E6/PEG/water system. The red and black lines correspond, respectively, to the LLC
phase containing Au(-), and the same phase without Au(-). The presence of the NPs causes the
increase of the lattice constant of the hexagonal phase and the layer thickness of the lamellar
phase.
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On the basis of the SAXS data, the lattice constant, a, of the doped and pure hexagonal phase

was 6.47 and 6.37 nm, respectively. The layer thickness, d, of the doped and pure lamellar phase

was 4.65 and 4.62 nm, respectively. It follows that the presence of the NPs results in “swelling”

of the LLC matrix for each type of the ordering. This fact indicates that most of the NPs are

dispersed homogeneously in the LLC phase. That is because the increase in the average values

of d and a can be observed only if the NPs, having a diameter of 7.3 nm that is larger than both d

and a, are uniformly distributed between the columns or the lamellas. The spatial arrangement

of the NPs dispersed in the two LLC phases is shown in Figure 49. It should be also noted that

the SAXS measurements revealed that the swelling of the LLC matrix is more pronounced in

the case of the hexagonal phase. This difference can be attributed to the fact that the hexagonal

columnar structure is much stiffer than the lamellar one.

Figure 49: Spatial arrangement of the NPs in the hexagonal (a) and lamellar (b) LLC phase. In
both cases, NPs are located in aqueous regions of the LLC phase, that is between columns in
the case of hexagonal phase, and in water layers in the case of lamellar phase. The presence of
NPs results in “swelling” of the LLC matrix for each type of the ordering.
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Importantly, it was noted that the doped LLC phases obtained using the PIPS method are

very stable against the aggregation of NPs. For example, I checked that the hexagonal phase

containing Au(-) preserved its ordering and did not exhibit any measurable change in the lattice

constant for 11 months. The SAXS patterns of the freshly prepared sample and the same sample

after 11 months are shown in Figure 50. As can be seen, the positions of peaks (010), (110),

and (020) remain unchanged which confirms the stability of the ordering of LLC matrix.

Figure 50: SAXS patterns of the LLC phases doped with Au(-) (obtained from the aqueous
solution of 20% C12E6/10% PEG/Au(-)). The black curve corresponds to the freshly prepared
sample, and the red curve corresponds to the same sample aged for 11 months. The positions
of the Bragg peaks did not change over this time.

Besides the SAXS measurements, to determine the ordering, I analyzed textures of the LLC

phases using polarized optical microscopy. For each type of ordering, the texture of the doped

phase was very similar to that of the pure surfactant, as shown in Figure 51.
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Figure 51: Polarized microscopy textures for representative samples. The hexagonal columnar
phase obtained from 20% C12E6/10% PEG and water (a) or Au(-) (b). The lamellar phase
obtained from 10% C12E6/36% PEG and water (c) or Au(-) (d).

II. Effect of Nanoparticle Charge.

To study the effect of the sign of the charge of the NPs on the efficiency of their transfer into

the LLC phase, I compared the initial number of NPs in the solution and the number of NPs

present in the surfactant-rich phase after phase separation. The UV-vis absorbance spectroscopy

studies revealed that after the phase separation the negatively charged metal NPs (Au(-) and

Ag(-)) were not present in the polymer-rich phase. That is, in each experiment, they were all

transferred from the solution into the LLC phase. In the case of QD(-), I observed the sample

in UV light. (The absorbance of the semiconductor NPs is to low to be used to determine the

presence of QD(-) in the polymer-rich phase based on the UV-vis measurements.) I found that

for each initial concentrations, after the phase separation, all QD(-) were transferred into the

LLC phase. The results of PIPS for Au(-) and QD(-) are shown in Figure 52a.
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I found, however, that PIPS is not symmetric with respect to the sign of the charge of the

NPs. Namely, I observed that, in contrast to the negatively charged NPs, some fraction of the

positively charged NPs (Au(+) and Ag(+)) always stayed in the polymer-rich phase for any

surfactant/polymer proportion used. For example, for the system consisting of 20% C12E6 and

10% PEG, all Ag(+) is in the polymer phase, as shown in Figure 52b.

Figure 52: Results of PIPS for the C12E6/PEG/water mixture doped with negatively (a), posi-
tively (b), and a mixture positively and negatively (c) charged NPs. Photograph of the second
sample was taken in the UV light. The C12E6/PEG proportion was identical for all samples. In
each case the upper phase is the LLC matrix.

Interestingly, I found that the fraction of positively charged NPs transferred into the LLC

phase increases when negatively charged NPs are present in the solution before the phase sep-

aration. This cooperative effect can be clearly seen in Figure 52c. The admixture of QD(-)

made the majority of Au(+) move into the LLC phase, and only a small fraction of Au(+) was

present in the polymer-rich phase. I also observed that the number of positively charged NPs

incorporated into the LLC phase increases with the amount of PEG added. For example, for

the system consisting of 20% C12E6 and Au(+) the fraction of incorporated NPs increases sig-

nificantly when the polymer content increases from 10% to 20%, as shown in Figure 53b. The

cooperative behavior is discussed in more detail in the next Section.

From Equation (48), the ratio of the absolute values of the charges on QD(-) and Ag(+) is

QQD(−)/QAg(+) = 0.49± 0.05.

It follows that the ratio of the charge densities on QD(-) and Ag(+) is

r2
Ag(+)QQD(−)/r

2
QD(−)QAg(+) = 0.53.

Here, rAg(+) = 5.25 and rQD(−) = 5.05 nm are the radii of Ag(+) and QD(-), respectively. To

determine whether the observed asymmetry in the transfer of NPs into the LLC phase is caused
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Figure 53: The influence of polymer content on the incorporation of (a) negatively or (b) posi-
tively charged Au NPs in 20% C12E6/PEG/water mixtures doped with Au NPs.

by the difference in the charge density on the NPs surface, I also investigated other systems.

Using UV-vis spectroscopy, I studied PIPS for Au(-), Ag(-), and Au(+) and found that Au(-)

and Ag(-) were completely transferred into the LLC phase independently of the polymer and

surfactant content used whereas the majority of Au(+) stayed in the polymer-rich phase. From

the titration studies, I obtained the following charge ratios:

QAu(−)/QAu(+) = 0.43± 0.03

and

QAg(−)/QAu(+) = 1.86± 0.14.

The ratios of the charge densities are estimated to be 0.50 and 1.15 for the Au(-)/Au(+) and

Ag(-)/Au(+) pairs, respectively. (The radii of Au(+), Au(-), and Ag(-) are 3.92, 3.65, and 4.98

nm, respectively.) The asymmetry in the transfer is observed between NPs with the charge den-

sity varying from 0.50 to 1.15. This fact indicates that the asymmetry is actually due to the

difference in the sign of the charge on NPs.
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III. Effect of NPs(-) and Polymer Content on the Incorporation of NPs(+) into the LLC

Phase.

To investigate the effect of negatively charged NPs and the concentration of the polymer

on the transfer of positively charged NPs into the LLC phase, I studied the C12E6/PEG/water

system doped with Ag(+) and QD(-). I quantified the amounts of NPs in the initial and resulting

solutions using the molar fraction, χ, defined in Equation (46). For each system studied, all

QD(-) were transferred into the LLC phase. (Confirmed by the observation of the sample in the

UV light.) The use of QD(-) facilitated the determination of the concentration of Ag(+) based

on the UV-vis measurements (as it is shown in Figure 45).

I carried out a series of experiments for the C12E6/PEG/water system by changing either the

content of PEG (10, 11, 15, and 20%) or the initial proportion of Ag(+) to QD(-) (χ = 0.0, 0.1,

0.2, 0.3, 0.4, and 0.5). The dependence of the concentration of Ag(+) remaining in the polymer-

rich phase is plotted as a function of the PEG concentration in Figure 54a for six different values

of χ. The cooperative effect of the presence of the oppositely charged NPs on the transfer of

Ag(+) into the LLC phase is clearly seen. Even a small admixture of QD(-) increases the amount

Ag(+) moved into the LLC phase to a great extent. I also found that for a fixed polymer content

the concentration of Ag(+) in the polymer-rich phase decreases approximately linearly with χ,

as it is shown in Figure 55. This proves that the presence of negatively charged NPs helps to

incorporate positively charged ones. In Figure 54b, values of χ observed in the LLC template

after the phase transition are plotted as a function of the initial values of χ. To calculate the

amount of Ag(+) transferred into the LLC phase, Equation (45) was used. As seen, when the

concentration of PEG is smaller than ∼15 wt%, the ratio of QD(-) to Ag(+) in the LLC phase

differs from the initial one. In this regime, the NP composition in the LLC template can be

controlled by the amount of polymer added. The effect of NPs(-) and polymer content on the

transfer of NPs(+) into the LLC phase is shown schematically in Figure 56.

The LLC phases doped with mixtures of positively and negatively charged NPs exhibited

SAXS patterns similar to that of an LLC phase doped with Au(-). I did not detect any structure

formed by the NPs within the lamellar or hexagonal templates. NPs with opposite charge do

not form aggregates as long as the overall charge in the system is nonzero (the electroneutrality

point). In my studies, the molar fractions, χ, both in the initial mixture and in the resulting LLC

phase did not reach the threshold value χ∗ (cf. the titration curve shown in Figure 47). This
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Figure 54: (a) Concentration of Ag(+) in the polymer-rich phase as a function of the PEG
content for different NP compositions (six values of χ). (b) Fraction of QD(-) observed in the
LLC phase vs. the initial fraction of QD(-).

suggests that Ag(+) and QD(-) do not form aggregates in the LLC phase.
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Figure 55: Concentration, CAg, of Ag(+) in the polymer-rich phase as a function of the initial
fraction χ (i.e., before the phase separation) of QD(-). As seen, for a fixed polymer (PEG) con-
tent, the amount of Ag(+) left in the polymer-rich phase decreases, with a good approximation,
linearly with increasing fraction of QD(-) in the initial mixture. This means that the negatively
charged NPs help to transfer the positively charged ones into the LLC matrix.

Figure 56: Schematic representation of the effect of NPs(-) as well as polymer content on the
incorporation of NPs(+) into the LLC phase.
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3.2.5 PIPS in Ionic Systems.

PIPS can be employed to incorporate charged hydrophilic NPs into ionic LLC templates.

To obtain such templates, I applied the method described in Section 3.1 of this dissertation and

induced the phase separation by adding to the solution of ionic surfactant polyelectrolyte of the

same charge.

I investigated qualitatively PIPS in two ionic systems:

• anionic template – SDS/PSS/water

• cationic template – CTAB/PDDAC/water

In both systems I employed Au(+) and Au(-) NPs. Surprisingly, I found that the PIPS method

enables incorporation into the ionic LLC matrix NPs of either charge. That is, I managed to

dope both the anionic and cationic LLC phases with charged NPs of either sign. The experi-

ments revealed that for the two ionic systems considered, the number of NPs transferred into

the LLC phase depended, irrespective of the charge of the NPs, on the surfactant/polyelectrolyte

proportion. The results are summarized in Table 6. I also checked using the SAXS technique

that for both the anionic and cationic systems hexagonal ordering was induced.

Surfactant Polyelectrolyte Nanoparticles Result

10% SDS 20% PSS Au(-) P

20% SDS 15% PSS Au(-) C

10% SDS 20% PSS Au(+) C

10% CTAB 15% PDDAC Au(-) C

12% CTAB 10% PDDAC Au(-) C

15% CTAB 12% PDDAC Au(-) C

12% CTAB 10% PDDAC Au(+) P

Table 6: Results of the experiments with the ionic LLC matrices (both anionic and cationic):
C – NPs are completely incorporated to the upper, surfactant-rich phase, P – NPs are partly
incorporated to the upper phase, some fraction of them is left in the bottom, polymer-rich phase.
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3.2.6 Silica-Based Mesophase Doped with Nanoparticles.

The silica-based mesophases were fabricated according to the procedure described in Sec-

tion 2.2.3. Its structure was investigated using the WAXS technique. The WAXS pattern shown

in Figure 57 indicates that during the formation of the silica network the initial hexagonal struc-

ture of the LLC template changes to the lamellar one. The first three peaks located at 2θ = 3.4°,

6.8°, and 10.2° correspond to the reflections from the (010), (020), and (030) planes of the

lamellar phase, respectively, with a layer spacing of d = 2.59 nm. From the comparison of the

layer spacing, d, with the length of the CTAB molecule (2.173 nm), it follows that within the

bilayers the hydrocarbon chains overlap. The spatial arrangement of the surfactant molecules

within the layers is reflected in the central region of the diffraction pattern for angles ranging

from 15 to about 30° [160,233]. The presence of the peaks located at 16.36°, 18.46°, and 21.5° in-

dicate [234] that the molecules form the triclinic lattice characterized by three distances: 0.541,

0.480, and 0.413 nm (Figure 57). The presence of the gold NPs dispersed within the silica-

based mesophase is confirmed in the WAXS pattern by the small peak at 2θ = 35.63°. This

peak is assigned to the reflection from the (111) plane of the face-centered-cubic Au. Note that

the relatively low intensity of the Au(111) peak and the lack of reflections from other planes

are characteristic of small gold NPs having a diameter of a few nanometers. Because of the

finite-size effect [235], the full X-ray diffraction pattern is displayed only by sufficiently large

NPs. As it is shown in Figure 58, the Au (111) peak is better visible after the calcination of the

sample for 24 h at 500 °C. The calcinated sample does not contain the surfactant template and

the diffraction peaks corresponding to the lamellar structure and the peaks resulting from the

ordering of the surfactant chains are not present.

The fact that the NPs remain dispersed in the sample after the solidification is confirmed by

other observations. First, the silica-based mesophase has a light violet color (see Figure 59),

that is characteristic for the nano-sized gold crystals. Second, the intensity of the color does not

change even after boiling the sample in water for a couple of hours, what indicates that the NPs

are permanently embedded in the silica-based framework.
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Figure 57: WAXS pattern of the silica-based mesophase obtained from hexagonal template with
NPs (15% CTAB, 10% PDDAC and Au(-)) (a). The diffraction peaks located at 2θ = 3.4°, 6.8°,
and 10.2° correspond, respectively, to reflections from the (010), (020), and (030) planes of
the lamellar phase with the layer spacing d = 2.59 nm (b). The peaks at 16.36°, 18.46°, and
21.5° reflect the arrangement of CTAB molecules forming the triclinic lattice in the plane of
bilayer (c). The small peak at 2θ = 35.63° is assigned to the reflection from the (111) plane of
the face-centered-cubic Au (d).
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Figure 58: WAXS pattern of the calcinated sample (24 h at 500 °C) containing gold NPs.
The broad peak at 2θ ∼ 23° corresponds to the amorphous silica. The sharp peak at 2θ ∼
35.63° comes from the presence of Au NPs and is assigned to the reflection from the (111)
plane of face-centered-cubic Au.

Figure 59: The picture of as prepared solid silica mesophase doped with Au NPs. Slightly violet
color of obtained material, results from the presence of gold NPs.
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3.2.7 Conclusions

I presented a facile new technique for incorporating hydrophilic charged NPs into the LLC

template. In this technique, called the PIPS (polymer-induced phase separation) method, phase

separation is induced upon adding polymer to an aqueous solution of NPs and surfactant. As

a result, the system separates into polymer-rich and ordered surfactant-rich (LLC) phases. The

type of ordering (hexagonal or lamellar) of the LLC phase can be easily controlled by the

amount of polymer added. In the process of phase separation, the NPs are transferred into the

surfactant-rich phase and form a uniform dispersion in the LLC matrix. The resulting LLC

template containing NPs is very stable against NPs aggregation. As I demonstrated, the PIPS

method enables the incorporation of NPs into the LLC templates composed of both nonionic

and ionic (anionic and cationic) surfactants.

I found that the PIPS method enables incorporation into the ionic LLC matrix NPs of ei-

ther charge. In particular, I found that, unexpectedly, my method enables the incorporation of

charged NPs into the liquid-crystal matrix composed of ionic surfactant with the same sign of

the charge as that of the NPs. That is, I could incorporate negatively charged particles into

anionic templates and positively charged NPs into cationic ones. Using the PIPS method,

we obtained both cationic and anionic LLC templates doped with positively and negatively

charged NPs. The number of NPs transferred into the template was controlled by the surfac-

tant/polyelectrolyte proportion.

I also found that in the nonionic systems the PIPS method is not symmetric with respect to

the charge of the NPs. That is, negatively charged NPs are transferred into the LLC template

much more easily than positive ones. Moreover, I discovered that the presence of negatively

charged NPs has a cooperative effect on the transfer of the positively charged NPs into the LLC

matrix. This feature opens up a way to fabricate templates containing different types of NPs in

prescribed proportions. Namely, the composition of the template can be controlled by the initial

proportion between NPs carrying a positive net charge and NPs carrying a negative net charge.

The PIPS method offers potential industrial applications. It can be used as a simple way

to separate NPs from different water solutions. Also, as I demonstrated, the PIPS method can

be successfully employed to fabricate solid silica-based mesophases containing different well-

dispersed types of NPs in prescribed proportions.
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3.3 Nanoparticles in diluted surfactant solutions

3.3.1 Introduction

Mixing of surfactants with NPs may give unexpected results. One of them is fluorescence

quenching of semiconductor QDs [236,237] – the phenomenon that is sometimes used to sense the

presence of surfactants in solution [238,239]. Fluorescence quenching of QDs, that is described in

literature, is the strongest in the case of negatively charged QDs and cationic surfactants [236]. It

is however observed for other types of surfactants [236,237].

The exact mechanism of this phenomenon is still the matter of debate. In the case of neg-

atively charged QDs and cationic surfactant the fluorescence quenching is ascribed to the ag-

gregation mediated by the electrostatic interaction [236,240]. For negatively charged QDs and

nonionic surfactant, mechanism of quenching is not fully understood, however it seems that the

adsorption of surfactant molecules to the particles surface may be crucial in this process [236].

The adsorption of surfactants to nano-sized particles was recently intensively studied. One

of the most extensively studied system is the mixture of nonionic (polyoxyethylene-based) sur-

factants and negatively charged silica particles [241–244]. It is believed that the nonionic PEO-

based surfactants bind to negatively charged silica surface through hydrogen bonds between

oxygen atoms of ethoxyethylene groups and hydrogen of the silanol group [245]. Below critical

micelle concentration (CMC) the adsorbed surfactant molecules form a monolayer at the sur-

face of the particle. It was recently shown [246] that the adsorbed hydrophilic groups lie flat on

the silica surface while the hydrophobic chain extends towards a solution. Such modified silica

surface becomes more hydrophobic which may result in the flocculation of particles from the

solution. With increasing concentrations (near the CMC), additional surfactant molecules are

bound to the first monolayer forming bilayer. The binding of these molecules is based on hy-

drophobic interactions between hydrophobic parts (alkyl chains) of surfactant molecules. Such

quazi-micellar aggregates composed of particle with adsorbed surfactant bilayer are typically

referred to as hemimicelles [247].

In the previous Section of this dissertation I showed that the sign of charge on the NPs may

play a key role in the spontaneous incorporation of NPs into ordered matrices formed by non-

ionic surfactants via polymer-induced phase separation method [146,191]. In particular, I showed

that the process is not symmetric with respect to the sign of NP charge, that is: negatively
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charged NPs are incorporated much easier than positive ones. I suppose that the easiness of in-

corporation of negative NPs result from the adsorption of surfactant molecules at the surface of

NPs. In this Section I combined the experimental results from different techniques (DLS mea-

surement of hydrodynamic radii, ζ-potential measurements and spectroscopic real time studies

of fluorescence quenching) to gain a new insight into the mechanism of fluorescence quenching

of negatively charged QDs in the presence of nonionic surfactants.

3.3.2 Characterisation of quantum dots

Commercially available semiconductor NPs of a core/shell (CdSe/ ZnS) type were used

in the experiments. These NPs, called also quantum dots, were coated with two stabilizing

organic layers. The first one was octadecylamine and the second – amphiphilic polymer having

carboxylic acid functional groups. The presence of the latter provided a water solubility as well

as the negative charge at the surface of these NPs. Schematic representation of the structure of

the QDs used in experiments is shown in Figure 60.

Figure 60: Schematic structure of QDs used. Each particle consisted of CdSe core surrounded
by a ZnS shell. The particles were stabilized by octadecylamine layer and the layer of am-
phiphilic polymer with carboxylic acid groups.

QDs were characterized by performing: (i) measurement of the hydrodynamic radius of

QDs, Rh,QD (using DLS), (ii) measurement of the ζ-potential of particles and (iii) absorption

and fluorescence spectra in the UV-vis spectral range. The stability of the particles against

aggregation was also determined.
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I.The size of the quantum dots

To determine the size of QDs I performed the measurement of hydrodynamic radius using

DLS technique. The resulting data are plotted in Figure 61. The experimental data were easily

fitted with double-exponential fitting curve. This indicate the presence of two types of objects

in the sample, moving with different diffusion coefficient and as a result - having different

hydrodynamic radius. The values of diffusion coefficient and corresponding hydrodynamic

radii obtained for QDs are collected in Table 7.

Figure 61: The DLS data obtained for QDs dissolved in water together with double-expomential
fitting curve. The data was collected at 45°.

D (10−12 m2/s) Rh (nm) I (a. u.) interpretation

28.5 ± 2.5 8.6 ± 0.8 0.24 single QD

2.9 ± 0.3 83.8 ± 8.6 0.50 aggregates of QDs

Table 7: The values of diffusion coefficients, D, and corresponding hydrodynamic radii, Rh,
and relative intensity of the DLS signal components obtained for QDs dispersed in water.

As it was indicated in Table 7, the smaller hydrodynamic radius (8.6 nm) was ascribed to

single QDs, whereas the bigger ones (83.8 nm) corresponded to the aggregates of QDs. To

estimate the relative number of aggregates I took the advantage of the fact that the intensity of
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the DLS signal scales with the sixth power of the particle size [172]:

Ib

Is

≈ Nb

Ns

R6
h,b

R6
h,s

=⇒ Nb

Ns

≈ Ib

Is

(
Rh,s

Rh,b

)6

. (49)

In Equation (49), Ib and Is is the intensity of DLS signal comming from big and small particles,

Nb and Ns is the number density of big and small particles, Rh,b and Rh,s is the hydrodynamic

radius of big and small particles respectively. In the case of QDs, the intensity of signal coming

from aggregates (Ib) was approximately two times bigger than intensity of signal corresponding

to isolated quantum dots (Is) (see Table 7). By applying this value as well as the values of the

hydrodynamic radii of QDs and aggregates from Table 7 to Equation (49) I got:

Nb

Ns

≈ 2.3× 10−6 (50)

which indicates that the number of aggregates was about two million times smaller than the

number of non-aggregated QDs.

II. The ζ-potential of quantum dots

The outer stabilizing layer of QDs has carboxylic acid functional groups. This means, that

in proper condition QD should exhibit negative ζ-potential. To verify this, I performed the

measurement of ζ-potental of QD solution in deionized water in pH = 7.20. The resulting

averaged ζ-potential of QDs was negative and equal to (-41.2 ± 3.9) mV.

III. Absorption and fluorescence spectra of quantum dots in the UV-vis spectral range

The normalized absorption and emission spectra of QD solution is plotted in Figure 62. As

it is show in this figure, QDs exhibit strong absorption in UV and visible spectral range, with

relatively small maximum at 523 nm. In the emission spectra of QDs there is a single band,

whose maximum falls at 540 nm, and its full width at half maximum is 30 nm.

In studies, I collected fluorescence spectra of a series of samples containing QDs. In order

to minimize the differences in experimental conditions (such as the laser power), and ensure the

comparability of the results, the results were referred to the results obtained for the reference

sample. Namely, the fluorescence spectrum of rhodamine B solution (0.0001 M in water) was

collected before every measurement. The intensity of fluorescence of rhodamine B solution at
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Figure 62: Normalized absorption and emission spectra of QDs used in the experiments.

λmax = 594.8 nm was used as reference value.

IV. Stability of quantum dots

The QDs used in the experiments were very stable in water. Their fluorescence intensity was

high and does not change much in time. The total quenching of QDs fluorescence in water was

not observed even after very long storage of the sample (few months) or long (16 h) constant

illumination. QDs used in experiments exhibited stability against aggregation in wide range of

pH values. As it was noted, the aggregation of QDs in water solution was observed only if the

pH of the solution was lower than 3. Importantly, the aggregation was not accompanied by any

fluorescence quenching (aggregates of QDs exhibit very strong emission). The fluorescence of

QD acidified to pH = 1 (measured in the center of the cuvette) decreased in time nearly to zero

reflecting the precipitation process (see Figure 63). Importantly, the pH-induced aggregation

of QDs did not cause any change in the position of emission maximum what indicates that the

process did not cause any change of QD composition. Furthermore, the increase of the pH of

the aggregated sample resulted in re-dispersing of QDs without any significant change in their

emission intensity.
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Figure 63: a) Changes of the emission spectra of QDs in water acidified to pH = 1. The curves
plotted in different colors correspond to the absorption spectra measured at different times (in-
dicated in legend) from the change in pH. b) Changes of the emission intensity of QDs in water
acidified to pH = 1 at the emission maximum (540 nm). The intensity of fluorescence was nor-
malized with respect to the fluorescence intensity of 0.0001 M rhodamine B in water. In the
insert – the picture of aggregated QD solution taken in the UV light.
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3.3.3 Characterization of C12En micellar system

To characterize the nonionic surfactant media I performed:

• detailed DLS measurements of hydrodynamic radii of micelles, Rh,mic

• the measurements of pH of surfactants’ solutions

The hydrodynamic radii of C12En micelles (n = 5 - 10, 23), were determined for five selected

surfactant molar concentration, csurf : 0.001 M, 0.01 M, 0.05 M, 0.1 M and 0.2 M. The changes

of Rh,mic as a function of surfactant concentration are plotted in Figure 64.

Figure 64: Comparison of C12En surfactant micelle hydrodynamic radii.

For most of the C12En surfactants (n = 7 - 10, 23), hydrodynamic radii of micelles were very

similar to each other (about 3 - 4 nm) and varied only slightly with surfactant concentration.

This results are consistent with literature, as it is known that those surfactant form small spheri-

cal micelles of a roughly constant size. For the remaining two surfactants, C12E5 and C12E6, the

values of Rh,mic were significantly higher (up to 37 nm) and varied strongly with csurf . Based

on the literature [248], this behavior can be ascribed to the growth of C12E5 and C12E6 micelles

into elongated or worm-like structure.
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Measurements of pH were made using a pH meter equipped with a glass electrode suitable

for viscous solutions. Measurements were performed at 25 °C. The obtained pH values are

collected in Table 8.

surfactant C12E5 C12E6 C12E7 C12E8 C12E9 C12E10 C12E23

0.2 M 2.73 2.51 2.70 2.42 2.47 2.40 2.67

0.1 M 2.86 2.61 2.94 2.51 2.49 2.50 2.61

0.05 M 3.08 2.68 3.28 2.73 2.89 3.60 2.95

0.01 M 3.97 3.31 3.98 3.20 3.21 3.88 3.23

0.001 M 4.22 4.30 4.24 3.88 4.26 4.43

Table 8: pH values of the surfactant solution for five molar concentration.

3.3.4 Fluorescence studies of QD quenching

The term: “fluorescence quenching” refers to the loss of fluorescence intensity of the emit-

ting species, regardless of the nature of the process that leads to it. [249] Due to the relative pro-

portions between the number of excited molecules of the fluorophore and quencher molecules

as well as due to the possibility of their contact during the lifetime of the fluorophore excited

state, one can distinguish three cases of fluorescence quenching. [249]

The first case of fluorescence quenching occurs when the quencher is in large excess rela-

tive to the fluorophore and the probability of their meeting during the lifetime of the fluorophore

excited state is high. This case splits into two. If the probability of contact is equal to unity, we

have photoinduced photon or electron transfer. If this probability is less than unity then we ob-

serve static quenching. Static fluorescence quenching is associated with two possibilities. The

first is the existence of the so-called sphere of effective quenching which occurs when the mutual

distance between the fluorophore and quencher can not be changed (e.g., when the reaction oc-

curs in a rigid matrix). In such a case, the quencher affects the fluorescence of the fluorophore

only if it is located within a certain sphere surrounding the fluorophore molecule. The sec-

ond possibility of static quenching of fluorescence is associated with formation of ground-state

non-fluorescent complex. The creation of fluorophore-quencher complex, results in the lack

of fluorescence of fluorophore. In some cases, the formation of ground-state non-fluorescent
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complex can be confirmed by the change in absorption spectrum of the fluorophore during the

complexation process.

The second case of fluorescence quenching occurs when the quencher is not present in

large excess relative to the fluorophore and, in addition, these species are not able to be in

close proximity during the lifetime the fluorophore excited state. In this case, the fluorescence

quenching of fluorophore is observed only when the interaction between the fluorophore and

quencher is significant at long (about 8 nm) distances. This case is known as long-range non-

radiative energy transfer.

The third case of fluorescence quenching occurs when the quencher is not present in large

excess relative to the fluorophore (as in the second case) however the species can reach each

other during the lifetime the fluorophore excited state. In this case, the process is diffusion-

controlled and this type of quenching is referred to as dynamic quenching. It should be noted

that for high concentrations of quencher, static quenching can occur together with the dynamic

quenching.

The observed quenching of QD fluorescence in the presence of C12En nonionic surfac-

tants was orders of magnitude slower than typically observed quenching of fluorophores (min-

utes/hours vs. nanoseconds). This gave us the unique opportunity to monitor the process in real

time. I performed real-time fluorescence studies were performed to find time characteristics of

the quenching process as well as its dependence on the surfactant concentration (csurf). Impor-

tantly, I made sure that QD quenching is caused by the presence of surfactant itself, not by the

presence of metal cation impurities. It is known that metal cations, especially Cu2+, can affect

the fluorescence of quantum dots [236,252–254]. On the other hand, surfactants often contain metal

impurities that are remnants after the synthesis process. For most of C12En surfactants used,

the total amount of metallic impurities (specified by the manufacturer) was in the order of 650

mg/kg whereby the contents of Cu2+ was ≤ 50 mg/kg. To eliminate the influence of metallic

impurities, I used ethylenediaminetetraacetic acid, disodium salt (EDTA), a typical chelating

ligand which complexes metal ions. The fluorescence of QDs was quenched by C12En surfac-

tants even at large excess of EDTA, confirming that the QD quenching process is caused by the

presence of surfactant.
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I traced QD fluorescence changes in the aqueous solutions of nonionic surfactants, C12En

for n = 5, 6, 7, 8, 9, 10 and 23. In a typical experiment, 10 µl of QDs (8 µM in water, original

solution) were added to 410 µl of micellar solution of surfactant. The resulting QD concentra-

tion was 0.19 µM. The measurements were performed for five selected surfactant concentration,

that is csurf = 0.2 M, 0.1 M, 0.05 M, 0.01 M and 0.001 M. All the surfactants concentration used

were above the value of critical micelle concentration, which for C12En surfactant series is of

the order of 10−5 M. The exact literature values of CMCs are collected in Table 1 (Section 2.3).

The molar concentrations were used to ensure the same number of surfactant molecules per

one QD (Nsurf/QD) for all samples having same surfactant concentration. The exact numbers of

surfactant molecules that accrue to one QD are collected in Table 9. The as prepared mixture

of QDs and micelles was hand shaken for few seconds and then the fluorescence intensity was

measured under continuous laser illumination. The first spectrum was collected 30 seconds after

the addition of QDs to the surfactant solution and further spectra were recorded automatically

every 10 seconds. Typical changes of the emission spectra of QDs in the solution of nonionic

csurf 0.001 0.01 0.05 0.1 0.2

Nsurf/QD [×103] 5.13 51.3 256 513 1026

Table 9: The number of surfactant molecules that accrue to one QD, Nsurf/QD, in the surfactant
solution of a given concentration, csurf .

surfactant in time is shown in Figure 65a. The corresponding time-characteristics of observed

surfactant assisted QD quenching, that is, changes of fluorescence intensity at λmax = 540 nm,

is shown in Figure 65b. For most of surfactants and surfactant concentrations, the fluorescence

of QD was fully quenched. In all cases, for csurf down to 0.01 M, the fluorescence decay were

fitted by the mono-exponential function,

I (t) = I0 exp

(
− t

τq

)
, (51)

where I is the intensity of fluorescence whereas t and τq correspond to time and time of quench-

ing, respectively. For the lowest surfactant concentration, csurf = 0.001 M the fluorescence

intensity was not changed even after long time. For C12E23 only the highest concentration,

0.2 M, was examined. Even that concentration did not cause quenching of QDs fluorescence
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within 24 h.

Figure 65: Representative results of QD quenching in the solution of nonionic surfactant. a)
Changes of the emission spectra of QDs in 0.2 M C12E8 in time. b) Time characteristics of
fluorescence quenching of QD in 0.2 M C12E8 at the wavelength of emission maximum: black
points - experimental data, red curve - mono-exponential fit. Resulting quenching time is (1.99
± 0.03) min. In the insert - photographs of a QD solution before and after quenching, taken in
the UV light.
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All quenching times taken from mono-exponential fitting were analyzed in terms of surfac-

tant concentration dependence. The result for all the surfactants are plotted in Figure 66.

Three basic trends were observed:

• quenching time decrease with surfactant concentration

• quenching time decrease with decreasing the number of oxyethylene groups (n) in C12En

surfactant molecule.

• quenching was not observed in the case of solutions containing ethylene glycol oligo-

or polymers (see also point (3) in section 3.3.8). It was verified using solutions of PEG

consisting of 4, 6, 9, 13 and 464 monomers.

Figure 66: Quenching time of QD as a function of surfactant concentration. The lines are given
as guides for the eye.

Additionally, the results plotted at the log-log plot reveal the difference between surfactants

with small (n = 5 - 6) and large (n = 8 - 10) number of oxyethylene groups. In case of the latter

group a linear dependence on log-log plot suggests the power law relation between quenching

time, τq and surfactant concentration:

τq = A · (csurf)
B. (52)
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The values of exponent B are listed in Table 10.

surfactant B

C12E8 -1.12 ± 0.03

C12E9 -1.28 ± 0.02

C12E10 -0.87 ± 0.08

Table 10: The values of exponent B (compare Equation (52)) for surfactants with high (n = 8 -
10) number of oxyethylene groups.

The observed difference in quenching observed for surfactants with small and large number

of oxyethylene groups in hydrophilic part may be connected with size and shape of surfactant

micelles. The power-low dependence is observed for C12E8, C12E9 and C12E10. These are sur-

factants that form small spherical micelles whose size, represented by Rh,mic, does not change

significantly with surfactant concentration (compare Figure 64). The second group (C12E5 and

C12E6) is a group of surfactants that form elongated or worm like micelles, whose length de-

pends strongly on surfactant concentration. From unknown reasons, QD quenching in the so-

lutions of C12E7 seems to be intermediate. Namely, the power-low dependence is not observed

despite the fact that C12E7 forms spherical micelles of a constant size.

The changes of the UV-Vis absorbance of QDs after the addition of surfactant were also

investigated. As an example, the absorption spectra of QD and 0.2 M C12E8 in water as well as

the time evolution of absorption spectra of QDs in 0.2 M C12E8 is shown in Figure 67. After

the addition of surfactant, the absorbance of QDs decreases in time, and finally, reaches the

level of the absorbance of surfactant. This means that the QDs no longer absorb the radiation –

they become "invisible." This is possible only in two cases: (i) if the QDs have been destroyed

by surfactant, or (ii) if the QDs have been surrounded by the surfactant in such a way that

they mimic surfactant micelles. Since the first of these hypotheses seems to be impossible, I

verified the second one – wrapping of the QDs by the surfactant. This issue will be discussed

in subsequent Sections.
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Figure 67: The absorption spectra of QD and 0.2 M C12E8 in water as well as the time evolution
of absorption spectra of QDs after mixing with C12E8. As indicated in the legend, the subsequent
spectra were recorded after 1, 3, 5, 10 and 20 minutes after mixing of QDs with surfactant.
Insert: the enlargement of the spectra around the spectral range corresponding to the maximum
of absorption of QDs in visible range.

3.3.5 DLS studies of quenched QD samples

As it was shown in previous Section, the fluorescence of QDs was quenched after mixing

with surfactant solution. This process was however not accompanied by any macroscopic ag-

gregation or precipitation, even after long time storage of the sample. Additionally, as it was

discussed at the end of the previous Section, the process of quenching of QDs was associated

with a decrease of their absorbance to the level of surfactant, which suggested that QDs are sur-

rounded by surfactant. Based on these observation as well as on the literature I brought forward

the hypothesis that the quenching of QDs fluorescence was a result of adsorption of surfactant

micelles at the surface of QDs. It seemed that the surfactant layer adsorbed on the surface of

the QD protected QD from light, which hinders the excitation of fluorescence and hence led to

the quenching of fluorescence observed.

To verify this hypothesis I performed dynamic light scattering (DLS) measurements to de-

termine the hydrodynamic radius of the quenched QD samples. I expected to see a change in
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hydrodynamic radius of quenched sample with respect to both QDs and micelles. The difficulty

was that the hydrodynamic radii of QDs, micelles, and sought objects (consisting of surfactant

molecules adsorbed on the surface of QDs) were of the same order. Therefore, to improve

the sensitivity of DLS measurements it was advisable to prepare the quenched sample contain-

ing the smallest possible amount of free surfactant micelles. Additionally, to avoid problems

associated with the change of hydrodynamic radius of micelles with a change of surfactant con-

centration, it was desirable to use a surfactant with a relatively constant size of micelles (eg,

C12E8). With this in mind I performed the experiment using titrated sample of QD solution with

smallest amount of C12E8. This minimal C12E8 concentration was found to be 0.013 M. It meant

that the proportion of QDs and micelles in the sample was about 1 : 940 (considering the fact

that C12E8 form spherical micelles formed by about 79 molecules [251]).

DLS scattering signal from quenched sample of QD in 0.013 M C12E8 was fitted by the

double-exponential function (as for QDs in water). The obtained values of diffusion coefficient

and resulting hydrodynamic radii are collected in Table 11. The comparison of the obtained Rh

values with the one for QD (see Table 7) and that of surfactant micelles led to two conclusions:

(1) the smaller Rh value was intermediate between micelles and QDs, (2) the bigger Rh value

corresponded to much larger objects compared to micelles and QDs. The bigger Rh value was

very similar to the one of QD aggregates in water (a bit smaller) what suggested that this were

the same aggregates. Additionally, the proportion between the signal intensities from big and

small objects in the quenched samples was nearly the same as in the case of QD aggregates

and free QD in water (the actual proportion was a little bit smaller). The observation that the

aggregates were smaller in the case of quenched samples may result from surfactant molecules

destroying the aggregates. The breaking of the QD aggregates was also reflected in the relative

decrease in signal intensity originating from the aggregates with respect to the intensity of the

signal from the smaller objects. The fact that the smaller Rh value was intermediate between

that of QDs and micelles may be caused by two factors. Firstly, the difference in hydrodynamic

radius of QD and micelles was small, only about 5 nm. For this reason, I observed one av-

erage hydrodynamic radius, that was bigger than Rh of micelles and smaller than that of QD.

Secondly, the QD : micelles molar ratio was very small (about 1 : 940), what led to additional

masking of the DLS signal coming from QDs.
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surfactant QD : micelles D (10−12 m2/s) Rh (nm)

0.013 M C12E8 1 : 940
54.7± 0.5 4.48± 0.04

4.8± 0.1 51± 1

9.25 ×10−4 M C12E8, pH ≈ 1 1 : 60
13.8± 0.5 17.7± 0.6

4.5± 0.3 54± 3

Table 11: The values of diffusion coefficients, D, and corresponding hydrodynamic radii, Rh,
obtained for quenched samples of QDs in C12E8. For each case the values of Rh were detected.
The bigger one correspond to the QD aggregates.

I found that in the quenching of QD fluorescence in the presence of nonionic surfactant two

parameters were crucial, that is, surfactant concentration and the appropriate pH conditions. As

it was shown in Table 8, the surfactants’ solutions exhibited slightly acidic pH and the majority

of those solutions has pH < 4. When quantum dots were dispersed in water acidified to the

same pH – it resulted in, at least partial, aggregation of QDs. On the other hand, fluorescence

quenching of QDs was not observed in any of the 0.001 M surfactant solution (pH > 4). This

suggested that there was a synergistic effect of pH and surfactant concentration. As a confir-

mation I lowered the pH (down to ∼ 1) in the sample consisting of QDs dispersed in 0.001

M C12E8 (this concentration did not normally cause QDs quenching). After lowering the pH,

fluorescence quenching of ODs was observed without any detectable aggregation. With this

in mind, I titrated the acidified (pH ≈ 1), aggregated sample of QDs with small portions of

C12E8 to find the minimal content of surfactant needed to quench the fluorescence of QDs in

low pH conditions. It was found that the addition of surfactant led to the successive breakdown

of aggregates and as well as to the quenching of QDs fluorescence. The minimal C12E8 con-

centration that result in total quenching of QDs fluorescence without visible aggregation (in pH

≈ 1) was 9.25 ×10−4 M. This concentration corresponded to the proportion between QDs and

C12E8 micelles equal to 1 : 60. The as prepared sample was further analyzed with DLS, and the

result of this experiment is shown in Figure 68.
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Figure 68: a) DLS experimental data collected for quenched sample of QDs and 9.25 ×10−4 M
C12E8 in pH ≈ 1. Experimental points of different colors correspond to measurements made at
different angles. b) Double-exponential fitting curve for the quenched sample of QD in pH ≈
1. The data were collected at 90°.
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As in previous experiments, the data from the DLS were fitted with double-exponential

function (compare Figure 68b). The fitting procedure gave two distinct diffusion coefficients

and as a result to two different hydrodynamic radii. The exact values of D and Rh are collected

in Table 11. As before, the bigger Rh corresponded to partially broken aggregates of QDs

(that were present in the pure sample of QDs in water). The difference was however observed

in the case of smaller Rh, namely, smaller hydrodynamic radius was bigger from both QDs

(Rh,QD = (8.6 ± 0.8) nm) and C12E8 micelles (Rh,mic = (3.7 ± 0.1) nm in pH = 1). This

observation strongly supports the hypothesis of the surfactant adsorption at the surface of QDs.

The obtained value Rh = (17.7 ± 0.6) nm agrees within experimental errors with the sum of

Rh,QD and doubledRh,mic (Rh,QD + 2Rh,mic = (8.6± 0.8) nm + (7.4± 0.2) nm = (16± 3.0) nm).

This fact suggests that in the quenched samples, surfactant molecules formed a bilayer at the

surface of QD. The schematic representation of QD with adsorbed surfactant bilayer is shown

in Figure 69.

Figure 69: Three-dimensional model (a) and its cross section (b) representing QD with adsorbed
surfactant bilayer. The inner green sphere represents the original quantum dot and blue shell is
the surfactant bilayer.
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3.3.6 ζ-potential measurements

ζ potential measurements were performed to provide additional confirmation of the adsorp-

tion of surfactants at the surface of QDs. It is known from the literature [245], that the adsorption

of PEO-based surfactants to the silica particles result in masking the silica surface what cause

the change of the ζ-potential of particles. Namely, ζ-potential of negatively charged particles

became less negative after the adsorption of surfactant. I expected to see similar change of

ζ-potential in the case of negatively charged QD in surfactant solution.

As it was mentioned in Section 3.3.2, ζ-potential of pure quantum dots in water solution (pH

= 7.20) was negative and equal to (-41.2 ± 3.9) mV. Mixing of QDs with surfactant resulted

in decrease of their ζ-potential. As an example, the mixing of QDs with 0.01 M C12E8 (pH

= 3.4) resulted in decreasing the value of ζ-potential down to (-3.46 ± 6.8) mV within 10

minutes. It should be noted that within the time of the ζ-potential measurements (2 h) the

fluorescence of investigated sample was almost completely quenched. The fact, that ζ-potential

of QD was lowered after mixing with surfactant support the hypothesis of the adsorption of

surfactant molecules to the surface of quantum dot.

3.3.7 Model of fluorescence quenching

Based on the experimental results presented in the previous sections, the exponential decay

of the QD fluorescence observed in the system and the dependence of the quenching time on the

surfactant concentration given by Equation (52) can be explained in terms of a simple surfactant

adsorption model. This model is based on the following assumptions: First, it is assumed that

the intensity, I , of the fluorescence of a selected QD decreases linearly with the amount of

the surfactant molecules adsorbed on its surface. To quantify this assumption, denote by σ

(0 ≤ σ ≤ 1) degree of saturation of the QD’s surface, and by σ0 the adsorption capacity of the

QD. The quantity σ plays here a role analogous to that of the fractional coverage used in the

Langmuir adsorption [250] theory. That is, when there are no surfactant molecules attached to the

surface σ = 0, and when σ reaches the value of σ0 the QD can no longer adsorb the surfactant

molecules. The main difference between the fractional coverage and the degree of saturation

is that the latter allows multilayer organization of the adsorbed molecules on the QD surface.

Without loss the generality, we can also put σ0 = 1. Thus, the fluorescence intensity depends
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on σ according to the following formula:

I (σ) = (1− σ) Ibare, (53)

where Ibare is the fluorescence intensity of pristine (bare) QD. The second assumption is that

the adsorption process obeys the first-order kinetics [250] with respect to surfactant concentration

and σ, and that the degree of saturation changes with time according to the formula:

dσ

dt
= κacsurf (1− σ)− κdσ, (54)

where κa and κd are, respectively, adsorption and desorption rate constants. Both these quanti-

ties depend on the nature of the adsorption, shapes and sizes of the micelles, and on conditions

such as temperature or pH. It is also assumed that the product κacsurf is much greater than κd,

and that the concentration of surfactant does not change during the adsorption process. The first

assumption is justified by the apparent irreversibility of the adsorption of surfactant observed in

experiments. The latter assumption is satisfied because in the systems studied concentrations of

the QDs were two or three orders of magnitude smaller than csurf . By combining the solution

of Equation (54) and the relation (53) we straightforwardly get the following dependence of the

fluorescence intensity on time:

I(t) = Ibare exp (−κacsurft) . (55)

The above relation reproduces the exponential decay of I(t) observed experimentally. In terms

of the model parameters, the quenching time is given by the formula

τq =
1

κacsurf

. (56)

Finally, comparison of Equations (56) and (52) yields

B = −1. (57)

This value of the exponent obtained agrees well with that observed experimentally, B = -1.09

± 0.14 calculated as the average for C12E8, C12E9, and C12E10 (see Table 10).
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3.3.8 Conclusions

In this Section of the dissertation I studied the fluorescence quenching of negatively charged

QDs in the presence of nonionic, PEO-based, surfactants. I combined a range of experimental

techniques including real-time fluorescence studies, DLS mesurements and ζ-potential mea-

surements to elucidate the mechanism of quenching and to verify the final structure of quenched

samples. My observations were as follows:

(1) QD fluorescence is quenched in C12En surfactant micellar solutions, especially for surfac-

tants with small hydrophilic part.

(2) The process is not accompanied by any macroscopic aggregation or precipitation, even after

long time storage or centrifugation of the sample.

(3) QD fluorescence is not quenched in the solutions of ethylene glycol polymers (despite the

same hydrophilic units in both polymers and surfactants), what indicates that amphiphilic

nature of the surfactant is crucial for the process.

(4) QD quenching is inhibited at high pH what suggests that hydrogen bonds play important

role in the process.

(5) QD quenching is irreversible with respect to the pH. Changing the pH of quenched sample

(both into acidic or basic) does not restore the fluorescence of QDs.

(6) Fluorescence intensity of QD in the presence of surfactants decays mono-exponentially in

time and the quenching time is the power-law function of surfactant concentration. These

two facts were explained using a simple model of adsorption of surfactant on the surface of

QD (see Section 3.3.4).

(7) In the process of the fluorescence quenching, the absorbance of the QDs decreases to reach

the level of surfactant. QD becomes "invisible". This fact may also reflect the process of

adsorption of surfactant to the surface of the QD.

(8) DLS measurements of quenched samples revealed the presence of objects with a hydro-

dynamic radius that is larger than both the QD and the surfactant micelles. The resulting

hydrodynamic radius was, in fact, comparable to the radius of QD increased by a diameter

of micelle. This suggests the adsorption of surfactant bilayer on the surface of the QD.

(9) The adsorption of surfactant to the surface of the QD is also reflected in the change of

ζ-potential. Namely, ζ-potential QD surrounded by surfactant is less negative than the ζ-

potential of bare QD.
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As it was mentioned at several points above, I found that the quenching of QD fluorescence

is caused by the adsorption of surfactants at the surface of QD. This adsorption of surfactant

was confirmed by both DLS and ζ-potential measurements. By the analysis of DLS experi-

mental data I estimated that in the quenched samples, each QD is surrounded by the bilayer

of surfactant. The first layer within bilayer is formed by the adsorption of the hydrophilic seg-

ments of surfactants to the surface of QD and it is stabilized by hydrogen bonds between QD

surface (namely protonated carboxylic acid groups) and oxyethylene groups of the surfactant.

The second layer of surfactant molecules is stabilized by hydrophobic interaction between the

alkyl chains of surfactants. The fact, that the first layer is stabilized by the hydrogen bonds

explains the observed comparative effect between surfactant concentration and the low-pH con-

dition. At lower pH the fraction of protonated COOH groups increases which causes more

surfactant molecules can adsorb to the QD surface. Similarly, at higher pH most of the COOH

group is deprotonated, which hinders the binding of surfactant molecules to the surface of the

QD and thus weakens the fluorescence quenching. The presence of the second layer of surfac-

tant molecules at the surface of QDs explains the lack of aggregation in the quenched samples.

QDs with adsorbed surfactant bilayer were found to be stable in water by the analogy to nor-

mal surfactant micelles (due to the interaction between hydrophilic segments of surfactant with

water molecules). The ζ-potential measurements also supports the hypothesis of the surfactant

adsorption to the surface of QDs. As it was shown, in the presence of surfactant, the ζ-potential

of QD became less negative and additionally it changes in time which suggest that the surfac-

tant molecules rearranges at the surface of QD. The adsorption of surfactant to QDs is also

evidenced by the change of absorption spectra of QDs during the process. As it was noted, the

absorbance of QDs in the presence of surfactant decreases in time to the level of pure surfactant.

It means that QDs became “invisible“. This fact indicates the role of the surfactant shell in the

quenching process. It seams that it absorbs the energy of the excitation and also the energy

emitted by the excited QDs.

At the beginning of Section 3.3.4, I presented three basic cases of fluorescence quenching

observed for typical fluorophores. The location of observed QD quenching among these three

cases is not a simple issue. I have shown that QD quenching process (its dependence on time

and on surfactant concentration) can be modeled by a simple model in which the adsorption

of surfactant to the QD is limited by diffusion. According to the presented classification, the
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diffusion-controlled processes are observed in the case of dynamic fluorescence quenching.

On the other hand, the observed changes in absorption spectrum of QD in the presence of

surfactant seem to support the "formation of ground-state non-fluorescent complex" scenario,

which is a variant of the static quenching. According to the literature [249], both types can coexist

if the quencher concentration is high, which probably takes place in this case. In order to

classify the observed fluorescence quenching properly, one needs to perform additional series

of experiments, including measurements of fluorescence lifetimes and quantum yields for bare

and surfactant-coated QDs.
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4 Summary

As the first thesis of this dissertation, I postulated that the ordering in solutions of ionic sur-

factants can be achieved through a polymer-induced phase separation. To confirm this thesis I

conducted experiments in four experimental systems, that is: (i) anionic surfactants and anionic

polyelectrolytes, (ii) cationic surfactants and cationic polyelectrolytes, (iii) cationic surfactants

and nonionic polymers either undoped or doped with different inorganic salts, and (iv) anionic

surfactants and nonionic polymers. As described in details in Section 3.1, I confirmed postu-

lated thesis. The desired ordering in solutions of ionic surfactants can be achieved by: (a) adding

an appropriate amount of ionic polymer (polyelectrolyte) having the charge of the same sign as

that of surfactant (b) adding a nonionic polymer (c) adding a nonionic polymer with the addition

of inorganic salt. First method is appropriate for ionic surfactant of either charge whereas the

second and the third works well only in solutions of cationic surfactants. Importantly, presented

method enables the phase separation and ordering of the surfactant phase even in very dilute

surfactant systems – for surfactant concentrations that are only one order of magnitude larger

than the critical micelle concentration. Additionally, I studied in details the effect of inorganic

salt on the phase separation with both ionic and nonionic polymers. I found that the presence

of inorganic salt has a positive effect on the phase separation involving both ionic and nonionic

polymers, that is it minimizes the amount of polymer needed to induce the phase separation.

The second thesis of this dissertation concerned the use of polymer-induced phase separa-

tion (described in Section 3.1) as a potential method to incorporate NPs into ordered phases

of surfactants. To verify this thesis, I used ternary systems consisting of surfactant, poly-

mer, and hydrophilic NPs. As presented in Section 3.2, I examined both non-ionic matrices

(nonionic surfactant/nonionic polymer system) and ionic matrices (anionic surfactant/anionic

polyelectrolyte and a cationic surfactant/cationic polyelectrolyte systems). I demonstrated that

polymer-induced phase separation is an effective method for incorporation of hydrophilic NPs

for a variety of ordered phases including hexagonal and lamellar phase. I showed that embed-

ded NPs are uniformly distributed within the considered phase and aggregate insignificantly.

The resulting soft composite is stable even after long storage of the sample (about 11 months).

Moreover, the presented method allows the incorporation of NPs of any charge to the LLC ma-
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trix formed by both ionic and nonionic surfactants. In case of nonionic matrices I considered

the impact of NP charge on the efficiency of its incorporation to the LLC phases. Surprisingly,

I found that there is a difference in the incorporation of negatively and positively charged NPs.

As I demonstrated, NP having negative charge are incorporated far more easily (i.e. at lower

polymer concentrations) than those with a positive charge. The number of positive NPs embed-

ded can be increased in two ways: (i) by increasing the polymer concentration and/or (ii) by

adding negatively charged NPs. This means that it is possible to obtain a composite material

consisting of ordered matrix and two different types of NPs in prescribed proportions.

The third thesis of this dissertation concerned the adsorption of nonionic surfactants to the

surface of negatively charged NPs, especially semiconductor QDs. As I presented in Section 3.2

and the preceding paragraph of this summary, the negatively charged NP were incorporated

more easily to nonionic matrices than those with a positive sign. Additionally, I observed that

the fluorescence of semiconductor quantum dots is rapidly quenched in the presence of non-

ionic surfactants. I brought forward the hypothesis that these unusual behaviors arise from the

adsorption of molecules at the surface of NP or QDs. As I presented in Section 3.3, in order

to verify this thesis I conducted a series of experiments including real time measurements of

fluorescence of QDs in the presence of surfactants, DLS measurements of hydrodynamic radius

in solutions of QDs and surfactants and ζ-potential measurements. Obtained results show that:

(i) non-ionic surfactants adsorb at the surface of NPs that have COOH groups at the surface,

(ii) the adsorption is stabilized mainly by hydrogen bonds between protonated COOH groups

and ethoxyethylene groups of surfactants (iii) the successive adsorption of surfactant molecules

to the surface of QDs leads to a gradual quenching of QD fluorescence, (iv) in the quenched

samples, each quantum dot is surounded by a bilayer of surfactant. Fluorescence quenching

caused by adsorption of surfactant is a result of two factors. Firstly, the gradual shielding of the

QDs surface by adsorbed micelles leads to a reduction of radiation that excite QD fluorescence.

Secondly, the photons emitted by the QD are effectively dissipated by surfactant coating.
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