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Introduction and aims of the Thesis

Colloids exist in the nanometer range, have at least one dimension and possess
variable morphology. Nanoparticles or quantum dots (0D) are nanometric in all three
directions and the diameter of wires, rods and tubes (1D) is also in the nanometer scale. The
thickness of ultrathin layers and coatings (2D) is also in the nanometer range. On an industrial
level, there is a demand for the immobilization of self-assembled structures: nanofilms
because in this way portable devices may be obtained that have a large surface. For the aims
of this doctoral thesis, the most simple and cost-effective self-assembled layer-by-layer (LbL)
film preparation method has been chosen for the synthesis of thin layers from colloids with
different sizes and shapes and to examine the possible applications of these layers.
Due to its simplicity, universality and effectiveness, the LbL method is unique among
the thin film techniques. As the LbL method is economical in its use of substance, a further
advantage of this technique is that it is environmental friendly. By controlling the preparation
conditions such as ionic strength, pH, immersion time and cycle number, the layer thickness
of the hybrids are reproducible and practically adjustable. One of the richest groups within the
LbL layers is the group of polyelectrolyte multilayers (PEM). This group is studied in detail
by researchers. Nanoparticles, as film composing components, were first applied in the end of
the nineteen-hundreds. The combination of functional materials such as pigments, proteins
and DNA together with nanoparticles in thin films holds huge potentials. The production of
sensors, electronic and magnetic devices of the future cannot be imagined without LbL
technology. The number of publications containing the keyword: layer-by-layer is increasing
even today. Every year more than 1200 articles are published in this topic. However, many
questions stay open as it is non-equilibrium process. Most of the literature concentrates on the
application of this technology without taking into account the electrostatic interactions and
secondary binding. Therefore the study of their nearly quantitative effect on the formation of
layers, thickness and morphology is essential.
As charge is an important feature in film preparation, the Thesis aims to determine the
available amount of the charge of nanoparticles (NPs) as applied in film preparation to
explain the charge properties of film composing materials. Using titration method with an
oppositely charged surfactant, the specific charge has been determined in a particle charge
detector (PCD). The obtained charge values have been compared to the theoretical or known
ion exchange capacity values. These values have been calculated from the chemical structure.
The thesis makes an attempt to characterize the role of particle charges in film formation and
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morphology. Quantitative characteristics of amount and charge on support have been
determined from the particle specific charge and the initial concentration data.
To understand film formation mechanisms from the change in absorbance, or layer
thickness, with the bilayer number (n#), partially from the type of functions: linear,
exponential or second quadrant fitted to the curves and from the slope of linear range i.e. the
film building constant (KLbL).
During my doctoral work nanohybrid layers with different charge was prepared to form
sensor or reactive surfaces.
The protein-nanoparticle interaction immobilized has been studied in the form of film
through a bionano conjugate. This has been constructed by a lysozyme-Au ultrathin nanofilm.
In this Thesis, both the role of protein in the change of the plasmonic properties of NPs and
the role of NPs in the conformation of protein have been discussed. The LYZ/Au thin layer
has been tested as a potential vapour sensor.
An important parameter of self-assembled hybrid layers is their thickness. This has been
determined by different methods.
Atomic force measurements (AFM) have been devised to perform a more detailed study of
the nanoscale study of thin layers. Through this study, morphological and surface roughness
data may be obtained to confirm the results and AFM has also been applied to determine layer
thickness.

Materials and Methods
The so-called co-precipitation method was applied to prepare 2:1 Mg-Al layered
double hydroxide with NaOH (0,4 M) and Aluminium-nitrate (0,1 M) and Magnesium-nitrate
(0,2 M) as precursor and sodium-nitrate (0,1 M).
Polystyrene sulfate (PSS), synthetic Na-hectorite and SiO2 sol was applied as binding material
to immobilize the LDH on the glass surface. The support was Menzel Superfrost glass slide in
every case, precisely cleaned prior to use.
To synthesize Prussian blue (PB) dispersions H2O2 solution was used apart from the
FeCl2·4H2O, FeCl3·6H2O and K3[Fe(CN)6] salts. The polymers to stabilize the dispersion
were

the

followings:

poly(vinyl

alcohol)

(PVA),

poly(vinyl-pyrrolidone)

poly(allylamine hydrochloride) (PAH), poly(diallyldimethylammonium

(PVP),

hydrochloride)

(PDDA), polyethylene imine (PEI) and PSS. Interdigitated microsensor electrodes (IME)
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were used to sensor measurements and the PB layers were immobilized by various methods
on their surface.
Na-citrate was used to reduce and stabilize the initial HAuCl4 solution during the
formation of gold colloids (nanoparticles).
The particle size and electrokinetic potential of LDH suspension, Au and Prussian blue
(PB) sols were measured by a Zetasizer NanoZs type Malvern apparatus operating using a
632 nm wavelength He-Ne light source. The -potential determinations were performed in a
U-shaped capillary sample holder.
The streaming potential of particles can be determined in a so-called particle size
detector, Mütek PCD02 type instrument. The unknown specific charge of colloid was
determined with the aid of an anionic or cationic (surfactant) with high purity analogue to the
volume titration based on the following equation:

q1 

V2  0.01  c2  q 2
c1  V1  M 1

The streaming potential () depends on the volume of both participant, where V1 is the
volume in the detector, V2 is the consumption value. The concentrations of
solution/sol/suspension c1 is in mol/dm3, while c2 is given in w/V%, the q is in mmol/g with
the molar mass (M) of the surfactant in the equation. The charge of dispersions and solutions
were determined at the following pH: the silica sol at pH = 7.8, the AuNPs and the lysozyme
solution at pH = 6.2. No further salt was added to the dispersion to minimalize the effect of
the ionic strength. The specific charge data determined by charge titration are summarized in
Table 1 [1,2,6,7].
Table 1: Specific charge of different colloids
specific charge
(mmol/g)
-4.75
0.008
-0.5
-0.3
-0.015
0.08
-0.06
11.3

Material
PSS
LDH
hectorite
SiO2 sol
Au
lysozyme
PB
PAH

Uvikon 930 type Kontron Instrument spectrophotometer was used to characterize the
light absorption properties of nanofilms and its components.
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The determination of N2 adsorption isotherms and calculation of specific surface was
performed in a Gemini 2375 type automat of Micrometics instrument at 77 K.
The thermoanalytic measurements were performed by a Derivatograph Q-1500-D
instrument (MOM, Hungary) or a Mettler Toledo TGA/SDTA 851e type apparatus.
The X-ray diffraction (XRD) measurements were carried out in a Philips PW 1820
generator-fixed goniometer applying = 0.154 nm wavelength CuK radiation (40 kV, 30
mA).
The change in protein conformation was studied in a Biorad FTS60A ATR FT-IR
spectrophotometer.
The electron microscopy analysis were performed in a Philips CM-10 type
transmission electron microscope operating at 100 kV in the Pathology Institute of the Faculty
of Medicine of the University of Szeged.
The SEM images were obtained by a FEI Helios Nanolab 600 Dualbeam (FIB-SEM)
and a Hicachi S-4700 production field-emission cathode operating at the Department of
Applied and Environmental Sciences.
The morphology of the prepared films were characterized by an AFM Nanoscope III.
type Digital Instruments scanner. A Veeco Nanoprobe Tips RTESP model silicon tip was
used (125 m length, 300 kHz frequency and 40 N/m spring constant) during the AFM
experiments. The surface roughness (RMS) values were determined by the equation bellow
with the V512r5 AFM software which means the average deviation from the average height at
a given area:
,
where Zi is the of height of the point i, Zaver. is the average height and N is the number of
points.
Interdigitated microsensor electrodes (IME) were used to test the sensor properties.
The conductivity and resistance were analyzed by a Keithly 2400 series Source meter in the
0.1-2 V direct current range. The limit of detection (LOD) values were determined by the
following equation:
,
where sy is the measured signal (current in mV), xi is the concentration, xC is the concentration
which is larger than the uncertainty, t is the student t-function, n is the number of measured
points, D is the determinant, r is the sensitivity, k is the number of parallel measurements.
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The build-up of thin films and vapour adsorption properties was followed by a
Stanford Research System 200 quartz crystal microbalance (QCM) by using a 5 MHz
frequency crystal in static mode. The relation between the measured frequency and the
adsorbed mass on the quartz crystal is expressed by the Sauerbrey equation: F  C f  m ,
where F is the frequency difference between the pure crystal and the adsorbed material, Cf is
the sensitivity factor, which is 56.6 Hz·cm2/mg at room temperature, hence the adsorbed mass
(m) was obtained in mg/cm2.
The surface plasmon resonance spectroscopy (SPR) measurements was used to follow
film build-up in a gold covered glass support in a Oriel-goniometer supported home-made
system (SPRgoldTM support, Gentel Biosciences).
Film preparation with the LbL method
The glass slide was cleaned and dried prior to film preparation. The surface of glass at
neutral and alkaline pH is negatively charged hence positively charged particles can attach
and form film due to the electrostatic attraction. As a consequence the surface charge was
reversed which facilitated the formation of a subsequent negatively charged layer on top of it.
Washing with distilled water was applied between the immersion cycles to remove the excess
amount of weakly bound particles. The LbL method to prepare LYZ/Au nanofilm is
illustrated in Fig. 1.

Fig. 1a: Nanofilm preparation with a biopolymer/nanoparticle dispersion interaction (one
bilayer)
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Fig. 1b: Volume (V0), concentration (c0) of the bulk phase and the equivalent concentration of
charged particle (q)
Surface concentrations (cS in mg/cm2) of the nanohybrid layer were determined from the
calibration of light absorbance of homogenous suspension. The approximate film thickness
was calculated from the known cS and density. The surface mass/initial mass (c0 – m/V%)
ratio (wS = mS/m0) was calculated from the deposited surface concentration which means the
amount inserted into the layers relative to the total applied amount. To determine the charges
present in the liquid phase and on the surface the following equations were used and the
amounts are indicated in Fig. 1b. The total mass of LDH in the suspension is denoted by m0
(mg), while the total adsorbed mass (mS) was estimated by spectrophotometric method and
determined more precisely based on QCM, SEM or AFM measurements. The mass ratio
incorporated in the layers is:

,

where A is the film surface in cm2. The surface charge in mmol can be determined from the
specific charge and the layer amounts.

If we suppose charge equivalence, QSPSS = QSLDH. From a layer model supposing the additive
volume based on the geometrical data of the polymer chain, lamellae thickness and density
the calculated QSPSS/hectorite/SiO2 values can be determined. The layers thickness data are tPSS =
0.42 nm, thectorite = 1 nm, tSiO2 = 15.6 nm supposing monolayer coverage, thus QStheor. = t∙A∙ρ∙q,
which was compared to the experimental data.
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Novel scientific results

T.1. The substantial effect of surface charge in the self-assembly of nanohybrid systems
1.a. The interaction of self-assembled nanoparticles (NPs) and polyelectrolytes was
studied in aqueous disperse systems. My experiments verified that the specific charge of
nanoparticles and polyelectrolytes with various structure and morphology serve quantitative
data to the preparation of the self-assembled layers. The thickness and homogeneity of layers
can be tuned by choosing the appropriate concentration ratios based on the determined
specific charge ratio. The thickness of the films prepared by immersion dipping technique was
varied with the number of deposition cycle and type of components in the 10-740 nm range.
The charge ratio Q = m1∙q1/m2∙q2 determined from the concentration and specific charge of
the film composing two components calculated by Q = m1∙q1/m2∙q2 was varied in a wide
range, where QPSS/QLDH = 300-500, Qhectorite/QLDH = 15-65 and QSiO2/QLDH = 10-40. At least
50 times access of binding components is necessary to obtain homogeneous LDH layers
confirmed by microscopic methods. Not uniform layers formed in the case of silica sol, while
the amount of SiO2 (0.25, 0.5 and 1 w/V%) was not enough to reach the required charge
excess [2,6,7]. The layer thickness data was calculated from the absorbance of the films
compared to the initial suspension absorbance and corrugated by the density. The obtained
thickness values were corrected from the data obtained by QCM, SEM or AFM
measurements. The values determined from spectroscopic method exceeds the real values
(AFM, SEM) with at least 20 %, while does not take the film porosity into account, thus
resulting in higher q and t values.
1.b. Depending on the initial concentration 0.03-0.6 w/V% LDH was built into the
layers if negatively charged PSS, hectorite or SiO2 sol was applied as the oppositely charge
material. Based on the estimated amounts it can be stated that the values calculated
geometrically based on the monomolecular coverage and from charge equivalence (QSmeas.)
are in good agreement. The PSS overcharge the LDH layer based on the calculated value. The
values calculated for layers containing hectorite or silica are some magnitude lower than the
measured values, that is smaller amount build into the layers and the coverage is lower than
monomolecular.

T.2. Properties of layered double hydroxide nanohybrid layers prepared from different
components (polyelectrolyte or particle)
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The layers prepared from polymer are significantly thicker (~500-740 nm) relative that of
obtained (60-180 nm) for the films containing hectorite or silica [1,2]. The one order of
magnitude higher thickness for PSS films is caused by the one magnitude higher specific
charge and the flexibility of the polymer chain and the presence of surface loops. In case of
hectorite and silica film, however the role of second-bind is dominant. A loose electrostatic
double-layer forms on the support after the washing step. To reveal the mechanism of selfassembly the analysis of shape of layer build-up function is essential and the following
statement can be settled.
i)

The charge excess applied in the LDH-PSS films resulted in strong layer
hydroxide-polyion complex formation at high charge density, causing thick,
stable linearly building layers.

ii)

The increase of immersion time from 10 min to 1 hour has no effect on the
thickness of the forming layers, since the electrostatic deposition process
completed in 10 min, the coverage achieves its maximum value.

iii)

The build-up characteristics of LDH-hectorite hybrid thin layers changes from
the first few layers from linear (n = 4) to exponential, while the rougher film
surface due to the initial island-like formation enables higher adhered amount.

iv)

The thickness of LDH/PSS layers are mainly determined by the initial
concentration of LDH dispersion and secondly, the QPSS/QLDH charge ratio,
with its decreasing value the thickness decreases linearly.

Fig. 2a,b: The thickness of LDH films (a) from different binding component and initial
concentration (w/V%) and the change in thickness of LDH/PSS films with surface charge (b)
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v)

The thickness in case of SiO2 films increases along quadratic function with the
bilayer number justified by the quadratic correlation between the shell-like
coverage on the spherical particles (quadratic correlation between the surface
and radius: lgA

2lgD∙π∙n#, where D is the shell thickness).

T.3. In situ steric stabilization of prussian blue dispersions and effect of the amount of
polymer on the particle size
3.a. Aggregated particles with 180 nm average size formed in the absence of
stabilizing agent in the reaction of Fe3+ ion and [Fe(CN)6]4- with H2O2 (cFe2+,cFe3+ = 10 mM,
cH2O2 = 5 mM). With addition of different types of polyelectrolytes: PAH (d = 42 nm), PDDA
(d = 34 nm), PSS (d = 4 nm), PVP (d = 39 nm) and PVA (d = 16 nm), the size was decreased
and enhanced stability was gained to achieve appropriate PB sols with high specific surface
area with probably higher adsorption capacity for sensor application. Particles with average
diameter in the range of 4-40 nm (TEM results) depending on the type and amount of polymer
can be prepared.
3. b. By increasing the monomer/Fe2+ ratio (between 0-100) in the PVP-stabilized sol
the size of the forming K2Fe[Fe(CN6] particles exponentially decreased according to the lny =
0,023d + 3.96 function from 182 to 18 nm. Its -potential, which is characteristic of the
colloid stability increased from -38 mV to -68 mV with the decrease of particle diameter [3].
The phenomenon can be explained by the different rate of the two process determining the
particle size: the nucleation and growth. The rate of growth is lower in the presence of
polymer, so smaller particles formed sterically stabilized by the polymer chain. The specific
surface area at 10:1 monomer/Fe2+ composition (3.62 g polymer/g particle) calculated from
the diameter (aS = 6000/ρ∙d) determined from TEM images was 98 m2/g.

T.4. Utilization of PB-containing thin layer as sensor
The bilayer of 20:1 PVP-PB particle immobilized onto ITE electrodes with 0.25 w/V% PAH
polymer proved to be effective in sensing H2O2, acetic acid and hydrochloric acid vapour. The
PB-modified sensors are effective in redox systems due to the Fe2+/Fe3+ electron transition.
On the other hand, they are pH-sensitive, which makes them applicable in sensing acid
vapour. The current signal was measured for PAH/PB sensor at 0.5 mg/cm2 surface coverage
in the 5-50000 ppm concentration at 0.1-2 V direct current voltage resulted in sensograms
with saturation profile in every cases for the vapour of 10-10000 ppm solution [3]. The limit
of detection values were determined from the deviation of the measured points from the I – c
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calibration curve’s initial linear section and proved to be 20 ppm for H2O2 for the PAH/PB
hybrid film and 22 ppm for acetic acid.

T.5. Formation of lysozyme/Au thin films
The gold sol stabilized by Na-citrate is negatively charged [5] and LYZ is positively charged
at pH = 6.2, thus they are capable to form LbL nanohybrid film [6]. The thiol functional
groups of the cysteine amino acid coordinated to the Au atoms contributes to the formation of
self-assembled nanostructure beyond the electrostatic attraction. It was established that the
thickness (30-120 nm) of ultrathin layers linearly changed with the immersion cycle that is the
AuNP can compensate the charge of the unfolded protein. It can be stated that the layer
thickness increases with 3 times as an effect of increase in immersion time from 10 to 60 min.
The layer thickness proved to be about ~ 120 nm for a n = 30 bilayer LYZ/Au determined by
both absorbance and AFM measurements which consists of an average 3.1 nm thick Au and a
0.8 nm thick lysozyme layer (KLbL = 3.9 nm/n#). The t values indicate that not a well-packed
monomolecular layer formed from the AuNPs, the value of KLbL is smaller than the diameter
of a particle or a globular protein. However, the thickness of the LYZ layer refers to the
thickness of the carbon backbone, implying that the protein is in unfolded state in the LYZ/Au
bilayers.

T.6. Plasmonic properties of LYZ/Au thin layers
The change in colour from the originally red-wine gold sol (0.02 w/V%) to blue is explained
by the AuNP aggregation as an effect of interaction with lysozyme [5]. The liquid phase
experiment of LYZ/Au also proved the aggregation, since the max value changed from 530
nm to 620 nm and a new peak evolves at 765 nm which indicated the presence of aggregated
anisometric AuNPs at LYZ:Au = 1:20 ratio. The linkage between the particles can be also
perceived in the TEM images and the visible absorption spectrum verified the aggregation
process. Above n ≥ 5 bilayer the metallic character of Au can be observed in the form of
golden colour and mirror reflecting surface which indicates increasing homogeneity [6]. With
increasing layer number around 20 bilayers (t = 74 nm) the AuNPs compose coherent layers.
The surface roughness values also verify the increasing homogeneity with 31.3 nm RMS
value for the n = 30 contrary to the RMS = 56 nm value for n = 10.
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T.7. Thickness and porosity of LYZ/Au thin films
The thickness of LYZ/Au thin layers was determined from the cross sectional image of the
scratched/broken layers determined by SEM and AFM. The results were compared to the
values calculated from the absorbance values at 400 nm wavelength and obtained a maximum
of  7 % deviation. The differences in thickness values determined from AFM and QCM
methods denote film porosity. The QCM assumes bulk phase layers, while the AFM reveals
the real, porous cross-section structure. The porosity () can be calculated from the values
determined from the two method:



Vt  VQCM
Vt



t AFM  t QCM
t AFM

The porosity for a n = 30 LYZ/Au bilayer film is 0.4, that is 40 %.

T.8. AFM characterization of LbL layers
The AFM was applied to determine layer thickness and to compare roughness data with
mechanism of film buildup beyond the conventional morphology characterization. The
LDH/PSS layers displayed the most homogeneous surface among the LDH films with RMS =
125 nm roughness for the 1 w/V% LDH - 0.5 w/V % PSS film. With decreased amount of
PSS (1 w/V% - 0.25 w/V%) the roughness increased to 250 nm which is in accordance with
the less than optimal charge ratio (50-times, see T.1.). By applying hectorite or SiO2 binding
component, the lamellar characteristic of hectorite can be seen or the separated, island-like
presence of spheres and lamella packages in case of LDH/silica films (RMS = 150, 165 nm).
Based on the AFM image of hybrid film built from 0.5 w/V% LDH – 0.25 w/V% PSS (n =
10) the polyelectrolyte covers the lamellae and a more uniform film forms (RMS = 140 nm),
contrary to the 1 w/V% LDH containing films, where the smaller polymer concentration
(0.25-0.5 w/V%) cannot hinder the lamella stacking, so assemblies of lamella aggregates with
h = 400-500 nm height form [1,4].
The PAH/PB (n = 10) and the LYZ/Au (n = 30) hybrid layers are relatively homogeneous and
smooth with RMS = 24 and 32 nm roughness values. The spherical structure on their surface
can be observed; both the PAH and the LYZ sterically stabilize the nanoparticles and cover
them with a thin layer. The linearity of the buildup verify the charge compensation between
the components.
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T.9. The LYZ/Au films as possible vapour adsorption sensors
The LYZ/Au thin film of n = 30 bilayers were tested for the first time in sensing vapours with
different polarity and functional groups with QCM in a static system. Surface coverage data
were calculated from the adsorbed mass (m) in the knowledge of surface area (am):  =
m/M∙am. Due to the polar characteristic of the film low capacity was measured for toluene,

while similar values (1.22; 1.32, 1.45), 20-45 % above the monomolecular coverage, were
obtained for water ethanol and acetic acid. Around one magnitude higher (7.72-times) than
the monomolecular coverage value was measured for NH3 [6]. The film porosity explains that
the coverage exceeds monomolecular values high activity and the higher vapour tension of
ammonia relative to the other tested vapours. If the adsorbed amounts are normalized by the
vapour tension values (Θ/p0) the data calculated for ammonia is not significant, but water
caused highest value and then acetic acid, ammonia, ethanol and toluene.
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