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Introduction and objectives 

Nowadays the controlled preparation of novel hybrid nanostructures attracts special 

interest in the fields of nanotechnology. There are several possible applications of these 

particles like photochemical sensors, drug delivery systems or solar cells. For these 

applications, the synthesis of nanoparticles with well-defined size and structure is needed.  

Recently the controlled preparation of oppositely charged polyelectrolyte (P)/ surfactant 

(S) assemblies has become available. These nonequilibrium assemblies could be utilized as 

template for the synthesis of novel nanoparticles with controlled properties. Therefore, the 

detailed study of P/S systems is of high importance.  

In P/S systems phase separation occurs over a certain concentration range, a dilute aqueous 

solution is in equilibrium with the other (solid or liquid) phase enriched in P/S assemblies.1 

Based on recent investigations, the phase properties of P/S mixtures could not be interpreted 

solely on the basis of equilibrium phase diagrams. In surfactant excess (surfactant ions are in 

excess compared to the polyion charges) via the adsorption of surfactant ions the dispersions 

could be stabilized with the application of adequate sample preparation methods. In 

polyelectrolyte excess (monomer charges are in excess compared to the surfactant ions) 

kinetically stabilized systems could also be formed in the equilibrium two-phase range due to 

the uncompensated charged groups of the macromolecule.2  

It seems that the initial local inhomogeneities play a prominent role in the formation of 

nonequilibrium states. However, the effects of the concentration gradients of the various 

components have not been investigated systematically and separately yet.3,4  

One of my major goals was to understand the impact of the concentration gradients of the 

inert electrolyte and that of the polyelectrolyte on the nonequilibrium states of P/S systems. 

The effect of significant dilution of polyelectrolyte/surfactant/electrolyte systems on their 

phase properties has also not clarified yet,5 thus my further aim was the investigation of this 

phenomenon. This process is closely related to the dilution/deposition process of shampoos on 

the hair fibers, and therefore it has important practical and commercial relevance. 

The primary aim of my PhD project was the synthesis and modification of gold 

nanoparticles and characterization of the prepared samples. There are numerous studies about 

the synthesis of gold nanoparticles in organic solvent and also in water. In a lot of cases in 

addition to the reducing agents stabilizing components are also needed to avoid the 

aggregation of the nanoparticles through their protective adsorbed layer. The application of 

polyamines is quite beneficial because they can reduce gold(III) ions and also stabilize the 

formed gold particles. Moreover the application of organic solvents or extreme conditions is 

                                                 
1 Piculell, L. et al. Adv. Colloid Interface Sci. 41 (1992) 149-178.  
2 Mészáros, R. J. Coll. Int. Sci. 338 (2009) 444-449. 
3 Naderi, A. et al. Colloid. Surface. A 253 (2005) 83-93. 
4 Thalberg, K. et al. Langmuir 7 (1991) 2893-2898. 
5 Miyake, M., Adv. Colloid Interface Sci. 239 (2017) 146-157. 
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not necessary.6 The most frequently used polyamine in the gold nanoparticle synthesis is the 

hyperbranched poly(ethyleneimine) (PEI) thanks to their accessibility and low cost. However, 

the mechanism of gold nanoparticle formation and their stabilization in the presence of PEI 

have not been totally clarified yet. In addition, the optimal concentration ranges and reaction 

conditions have also not been determined.  

The various application fields (like biological, spectroscopic or catalytic applications) 

require gold nanoparticles with different size, morphology, stability and hydrophobicity. 

Therefore, further modification of the pre-prepared gold nanoparticles is usually needed. The 

surface charge and hydrophobicity have prominent role in the biodistribution and in the 

interparticle interactions of the formed nanoparticles. There are several ways of 

hydrophobization of the nanoparticles although they usually require complicated multistep 

synthesis in organic medium.7 In principle, alternating polyelectrolyte/surfactant layers could 

also be used for this purpose. However, they are not necessarily suitable for the preparation of 

gold nanoparticles with tunable hydrophobicity and charge.8  

In the light of the preliminary studies, the reproducible preparation of gold nanoparticles 

with PEI at 25 and 80 °C as well as the characterization of their dispersions was carried out 

first . The as-prepared Au-PEI hybrid nanoparticles could be further modified with negatively 

charged surfactants (for example sodium dodecyl sulfate (SDS)) via the remaining, positively 

charged amine groups.  

The nonequilibrium PEI/SDS association and also the structure of the PEI/SDS assemblies 

which are formed in the aqueous and in the solid phase, have been thoroughly investigated.9 

Therefore, mainly SDS has been used as anionic surfactant for my experiments. I have also 

intended to explore the effect of added surfactant on the Au(III)-ions reduction process at 

room temperature e.g, how the initial PEI/SDS binding could affect the nucleation, size and 

morphology of the hybrid nanoparticles.  

Materials and methods 

The phase properties of P/S systems were investigated on poly(diallyldimethyl-

ammoniumchloride) (PDADMAC)/ sodium dodecyl sulfate (SDS) and sodium poly(styrene-

sulfonate) (PSS)/ dodecyltrimethylammonium bromide (DTAB) mixtures in the presence of 

sodium chloride (NaCl). During the experiments different mixing methods were utilized. 

                                                 
6 Chen, C.C. et al. Langmuir 23 (2007) 6801–6806. 
7 Mitamura, K.; et al. J. Phys. Chem. B 111 (2007) 8891–8898. 
8 Gole, A. et al. Chem. Mater. 17 (2005) 1325–1330. 
9 Mészáros, R. et al. Langmuir 19 (2003) 609–615. 
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The effect of electrolyte and polymer concentration gradients was investigated 

simultaneously and also separately in the PDADMAC/SDS/NaCl system. In the 

PSS/DTAB/NaCl system, the hundredfold dilution of concentrated samples was compared to 

the mixing of diluted polymer and diluted surfactant solutions (at constant ionic strength) in 

one-to-one ratio.  

For the synthesis of gold nanoparticles hydrogen tetrachloroaurate (HAuCl4) and 

hyperbranched PEI with mass average molecular weight of 25 kDa were utilized.  

 

 

The synthesis was performed at 80 and 25 °C. For the modification of gold nanoparticles 

sodium dodecyl and tetradecyl sulfate were applied.  

In my further experiments, two different mixing methods were utilized, which are 

illustrated on the figure below. During the first method, the SDS solution was added to the 

preformed HAuCl4/PEI mixture, while in the case of the second method, the HAuCl4 solution 

was added to the preformed PEI/SDS mixture.  

 

 

 

The structure of the P/S aggregates was characterized by infrared spectroscopy (ATR-

FTIR) and small angle X-ray scattering measurements (SAXS). The stability of the prepared 

dispersions was monitored with turbidity measurements. The hydrodynamic size of the 

particles was determined by dynamic light scattering (DLS) and Nanoparticle Tracking 

Analysis (NTA) techniques, while their charge was characterized by electrophoretic mobility 

measurements.  

PDADMAC SDS DTABPSS

PEI

HAuCl4 PEI

SDS

I. method

HAuCl4+ PEI additionof SDS

25°C

II. method

SDS + PEI

SDS PEI

HAuCl4

additionof HAuCl4

25°C
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In the case of gold nanoparticles spectrophotometric measurements were also performed, 

since the surface plasmon resonance (SPR) could give information about the size and 

aggregation of the particles. For some samples TEM images were also made in order to 

determine the size and morphology of the particles.  

 

Results and theses 

I. The hundredfold dilution of concentrated PSS/DTAB/NaCl solutions resulted in 

precipitation over a wide concentration range, even at those compositions where the 

mixing of diluted polymer and surfactant solutions resulted in transparent systems. The 

structure of the precipitates, which were formed by hundredfold dilution, is significantly 

different from those ones, which were made by mixing of diluted samples, due to the 

much higher local concentration gradients in the former case. [2] 

If the transparent, concentrated PSS/DTAB/NaCl solutions were diluted hundredfold in 

water, precipitation occurred over a wide concentration range. At the same final 

concentrations, by mixing of diluted PSS/NaCl and DTAB/NaCl solutions precipitation was 

observed over a narrower concentration range.  

The visual appearance of the aggregates is also different; in the case of the hundredfold 

dilution method the precipitates were sticky and flexible, while the mixing of diluted 

components leaded to the formation of fluffy deposits. The ATR-IR and SAXS measurements 

indicated that the precipitates, formed upon mixing of diluted solutions, have more compact 

and ordered structure. The density and sodium content of the supernatants show that the 

precipitates, which were formed by hundredfold dilution, contain more electrolyte as 

compared to the solid phase prepared by the other mixing method.  

During the hundredfold dilution, the PSS molecules restore a more coiled structure due to 

the locally high NaCl concentration gradients, thus more amorphous precipitates could be 

formed than by mixing of the diluted PSS and DTAB solutions.  

 

II. The local concentration gradients could induce two remarkably different 

nonequilibrium effects in the PDADMAC/SDS/NaCl system, depending on the ratio of 

the amount of the charged groups of the polyelectrolyte to that of the surfactant ions. [3] 

In surfactant excess, the properties of the dispersions are determined by the initial 

polyelectrolyte concentration gradient, while the influence of the NaCl concentration gradient 

is negligible. The mixing of diluted polyelectrolyte and surfactant solutions results in the 

formation of small aggregates. However, the size of the aggregates is increased with the 

application of concentrated PDADMAC solution. Kinetically stable dispersions are formed by 

both mixing methods as well as the turbidity and particle size reveal no time dependence.  

In contrast, in polyelectrolyte excess significant time dependence was detected. Although 

the turbidity of the samples steeply decreases - regardless of the mixing method -, the particle 
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size remains practically constant. We propose that this phenomenon is related to the 

inhomogeneous surfactant ion distribution on the different polymer chains. A slow repartition 

process of the surfactant ions takes place between the polymer molecules with different initial 

amount of bound surfactant, which leads to the decreasing turbidity. Furthermore, the 

turbidity of these samples reveals a long-term time dependence, since those assemblies which 

contained large PDADMAC molecules started to aggregate slowly. 

 

III. Stable colloidal dispersions of positively charged Au-PEI nanoparticles could be 

prepared at 80 °C. These nanoparticles could be modified further via the association of 

anionic surfactants with the remaining amine groups. The size, surface charge and 

hydrophobicity of the as-prepared gold nanoparticles could be easily controlled in this 

way. [1] 

The hyperbranched poly(ethyleneimine) (PEI) could reduce HAuCl4 during 2 hours at 

80 °C, in this way stable dispersion of gold nanoparticles could be produced. The as-prepared 

nanoparticles reproducibly have 20 nm particle size based on DLS measurements. The rate of 

mixing during the addition of anionic surfactants (sodium dodecyl sulfate (SDS) and sodium 

tetradecyl sulfate (STDS)) to the Au-PEI nanoparticles affect the phase-properties of the 

formed assemblies. The application of rapid mixing (the surfactant solution is added to the 

Au-PEI dispersion with one sudden movement under continuous stirring with a magnetic 

stirrer (1800 rpm)) in surfactant excess results in Au/PEI/alkyl sulfate nanohybrids with 

tunable hydrophobicity, which have 25 nm particle size, negative surface charge and high 

stability. However, the slow-mixing method (drop-by-drop addition of the surfactant under 

continuous stirring (1800 rpm)) leads to the formation of large (d>100 nm) aggregates in the 

concentration range of surfactant excess.  

 

IV. Since the bound surfactant ions decrease the accessibility of the amine groups of PEI 

for the gold(III) ions, the mechanism of formation and stabilization of gold 

nanoparticles strongly depends on the delay time before the surfactant addition takes 

place. Therefore, the size, hydrophobicity and structure of the formed Au-PEI 

nanoparticles could be controlled by the precise timing of surfactant addition at the 

same composition at 25 °C. [4] 

The reduction of Au(III)-ions via amine groups at 25 °C (without thermal treatment) is a 

slow process, the intensity of the SPR peak is not constant even after some days. In this case, 

the order and time of the addition of the PEI, HAuCl4 and SDS components have huge impact 

on the properties of the formed Au/PEI/SDS particles. Due to the hydrophobic nature of the 

PEI/SDS assemblies, the amine groups are hindered from the hydrated ions. A competition 

evolves for the amine groups between the reduction of the gold(III) ions and that of the 

binding of the surfactant molecules. As a result, in surfactant excess if HAuCl4 was added 

after the formation of PEI/SDS assemblies, bluish samples could be prepared with large 
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aggregates even with the application of rapid-mixing regardless of the exact delay time before 

Au(III)-ions addition. If the SDS was added to the mixture by rapid-mixing (the SDS solution 

is added suddenly to the HAuCl4-PEI mixture under stirring) after the mixing of PEI and 

HAuCl4 than the properties of the formed nanoparticles were dependent on the delay time 

before the SDS addition.  

The formation of gold nanoparticles at 25 °C could be detected approximately 50 minutes 

after the HAuCl4-PEI mixture has been prepared. If SDS solution was added to the HAuCl4-

PEI mixture in the first minutes, large, hydrophobic agglomerates were formed. If the SDS 

addition was delayed more than 50 minutes, than the formation of small particles could be 

observed at the same analytical composition. The morphology of the particles is also different, 

the large aggregates have more irregular structure with many stacked grains, while the smaller 

particles had closed, (quasi)spherical structure.  
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