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Abstrakt 
 Článok sa zaoberá kontrolovaným nanášaním tenkých povlakov z polyméru, ktoré 
obsahujú nanočastice striebra pokrytého alginátom sodíka a poly diallyl-dimetylammonium 
chloridom (PDADMAC). Tenké vrstvy boli vytvorené postupným nanášaním sklovitého 
substrátu v roztokoch, ktoré obsahovali buď nanočastice striebra alebo polykationický 
PDADMAC.  Hrúbka tenkého povlaku bola monitorovaná UV-Vis spektrofotometrom, ktorý 
meral zmenu absorpcie pri 430 nm, čo odpovedá pásmu povrchovej plazmovej absorpcie 
nanočastíc striebra na tenký povlak. Študovaný bol vplyv troch rôznych parametrov, a to 
koncentrácia v polyetyléne, koeficient rozpustnosti nanočastíc striebra v roztoku a iónová 
výdatnosť roztoku. Získané výsledky ukázali, že iónová výdatnosť roztoku má hlavný vplyv na 
rast povlaku a optimálna koncentrácia NaCl je v rozmedzí 0,2 až 0,3 M NaCl. Z realizovaného 
experimentu vyplynulo, že koncentrácie v PDADMAC a v nanočasticiach striebra majú 
minimálny vplyv na výsledné nanášanie tenkého povlaku až dovtedy, ako sa kritická hodnota 
koncentrácie PDADMAC-u udržuje nad hodnotou 1mM a koeficient rozpustnosti nie je vyšší 
ako 2. 
 
 

Abstract 
 The controlled deposition of polymer thin films composed of silver nanoparticles 
capped with sodium alginate and poly (diallyl-dimethylammonium chloride) (PDADMAC) is 
reported. The thin films were built by sequential dipping of a glass substrate in solutions 
containing either silver nanoparticles or the poly-cationic PDADMAC. The thin film thickness 
was monitored with a UV-Vis spectrophotometer, which measure the change in absorbance at 
430 nm corresponding to the surface plasmon absorbance band of the silver nanoparticles on the 
thin film. The effect of three parameters namely the concentration in polyelectrolyte, the dilution 
factor of the silver nanoparticles solution and the ionic strength of the solution were 
investigated. Results show that the ionic strength of the solution has a major effect on the growth 
of the film and that the optimum NaCl concentration is comprised between 0.2 and 0.3 M NaCl. 
Our experiments show that the concentration in PDADMAC and silver nanoparticles have a 
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minor effect on the final absorbance of the thin film as long as they are kept above a critical 
concentration of 1mM for PDADMAC and a dilution factor not higher than 2.  
 

Keywords: layer-by-layer, silver, nanoparticles, film 
 
 

1. Introduction 
 The properties of gold, silver, and other noble metal nanoparticles (NPs) have been 
intensively studied for the past few decades due to their unusual optical, electronic and catalytic 
properties [1, 2]. Silver, among other metal is often seen as material of choice for the fabrication 
of nanoparticles for its ease of synthesis and the wide range of application that can be developed 
based on their synthesis. 
  The chemical reduction of silver salt, using for example sodium borohydride, leads 
under certain condition to the formation of stable silver NPs [3]. The nanoparticles solutions 
have a characteristic yellow color due to their surface plasmon absorbance. In the case of 
spherical particles with a size in the nanometer range, the Mie theory predicts the appearance of 
a strong absorbance peak centered at 400 nm. This strong absorbance band is due to the coupling 
of the NPs conduction electrons with the incident electromagnetic waves leading to the 
appearance of the plasmon absorbance band [4 - 7]. The position of the plasmon absorbance 
band is function of few parameters such as the dielectric constant of the surrounding medium as 
well as the size and shape of the nanoparticles and can easily be monitored with a UV-Vis 
spectrophotometer.  
 In the last decade, a new technique based on the layer-by-layer deposition of 
oppositely charged species has emerged as a method of choice for the preparation of composite 
nano-thin films [8, 9]. This technique enables the controlled deposition of successive layers, 
from solution containing polyelectrolytes, biomaterials or inorganic nanoparticles [10, 11]. 

Following this technique, the assembly of nanoparticles stabilized using surfactant or 
polyelectrolytes, has been used as a very convenient way to prepare thin films with interesting 
optical properties [12 - 16]. Silver nanoparticles can also be used as biosensor after being 
modified with specific binding bio-receptor. These modified particles will interact with the 
target molecules which can perturbed the dielectric surrounding of the silver nanoparticles 
leading to a color shift in its plasmon absorbance band [17]. 
 Based on these considerations, the preparation of high quality silver NPs thin films is 
of great interest. Our work presented in this article focuses on the assembly of silver NPs into 
thin film and the parameters controlling their assembly. The layer-by-layer growth of the film 
was confirmed using a UV-Vis spectrophotometer, which monitored the change in absorbance at 
430 nm as a function of the film thickness under various conditions. In our study we have varied 
the main parameters, which controlled the growth of the film in order to find the optimum 
growth conditions. The effects of the polyelectrolyte concentration, silver nanoparticles dilution 
factor as well as the effect of the ionic strength of the solution were investigated.   
 
 

2. Experimental 
2.1  Chemicals 
 Poly (diallyldimethylammonium chloride): PDADMAC, 20 wt. % in water, typical 
Mw 200,000-350,000 and Alginic acid were purchased from Aldrich. AR grade Silver nitrate 
was purchased from Mallinckrodt, Thailand.  Analytical grade sodium chloride was purchased 
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from Carlo Erba.  All chemicals and solvents were used as received without any further 
purification or treatment. Double distilled water was used in all experiments.  
 
 

2.2  Nanoparticles synthesis 
 Silver nanoparticles were prepared by the well-described method using sodium 
borohydride as reducing agent. For the stabilization of the particles sodium alginate was used 
and acted as a capping agent in water. Anionic polyelectrolytes are useful because through 
electrostatic interaction they can stabilize the silver nanoparticles and later allow the facile 
deposition into thin film by electrostatic interaction. Te synthesis method of the silver 
nanoparticles can be summarized as follow: 10 ml of a 10 mM solution of sodium alginate was 
mixed with 10 ml of a 10 mM silver nitrate solution and stirred for 5 min. A 1 ml solution of a 
freshly prepared sodium borohydride solution having a concentration of 10 mM was added 
quickly. The solution immediately turned yellow confirming the formation of silver 
nanoparticles. The solution was stirred overnight in order to allow the ripening of the silver 
nanoparticles. The solution was then stored in the dark and was found to be stable for several 
months. 
 
 

2.3  Layer-by-layer assembly 
 Prior to the PEM deposition, the glass slide substrates were cleaned from organic 
contaminants by a 15 min dipping in an oxidizing “piranha solution” prepared by mixing a 2:1 
volume ratio of concentrated sulfuric acid with concentrated hydrogen peroxide (30%). The 
sample was then rinsed thoroughly with de-ionized water. This cleaning step resulted in a 
hydrophilic, organic free surface (warning: piranha is a very oxidizing solution and should not 
be stored in a closed container). The anionic silver nanoparticles and cationic PDADMAC were 
deposited by sequential dipping of a pre-cleaned glass slide which was attached on a homemade 
holder and spun in various solutions using small DC motor. A home-built robotic platform, 
accommodating eight 100 ml beakers, was programmed to successively expose the substrate into 
either PDADMAC or silver nanoparticles solution followed by three water rinses of 1 minute 
each as many times as the number of layers needed. Unless specified otherwise the PDADMAC 
concentration was fixed at 1 mM and the ionic strength of the solution was adjusted with 0.1 M 
of sodium chloride (NaCl). The silver nanoparticles solution was used pure from the synthesis 
step except for the experiment in which we vary the silver nanoparticles content. The dilution 
factor signifies that the solution was diluted with water from the stock solution, which contained 
0.1 mM alginate, 1mM silver nitrate and 1mM sodium borohydride. At the end of the deposition 
process, the samples were gently dried before testing. The UV-Vis absorbance was used to 
monitor the film deposition due to the relationship between the increase in absorbance and the 
amount of silver nanoparticles present at the surface of the film.  
 
 

2.4  UV-Vis Spectrophotometer 
 The silver nanoparticles containing thin films were analyzed using a UV-Vis 
spectrophotometer (SPECORD S 100, Analytikjena). Prior to any spectrophotometric 
measurements, the UV-Vis cuvette filled with distilled water and a blank glass slide was first 
introduced and recorded as a background. For the measurements, the coated film was replaced in 
the cuvette and measured. The absorbance of the film was measured in the 400 to 700 nm visible 
range, which includes the absorbance peak of the silver nanoparticles centered at 430 nm. 



Acta Metallurgica Slovaca, 13, 2007, 2 (147 - 155)                                                                                                         150 

 

2.5  Transmission electron microscopy 
 The particles size of the freshly synthesized silver NPs was monitored using a 
transmission electron microscope model (Jeol JEM 100SX). For the sample preparation a drop 
of the silver NPs solution was dropped on the grid and left to dry overnight in a desiccators.  The 
samples were measure without any further treatment the following day.  
 
 

3. Results and discussion 
 Silver nanoparticles were synthesized using the well-documented chemical reduction 
reaction using sodium borohydride (NaBH4) as described in the experimental section and 
stabilized using an anionic polyelectrolyte. The advantage of the capping of the silver 
nanoparticles with a polyelectrolyte is that it provides an excess negative charge to the silver 
nanoparticles allowing the future deposition into of the particles into polymer thin films. The 
prepared silver nanoparticles solution had a yellow color characterized by a strong absorbance in 
the visible range shown by the UV-Vis spectrum in Fig. 1. The position of the surface plasmon 
absorbance band at 400 nm indicates the formation of nanometer scale silver nanoparticles. A 
transmission electron microscope was used to confirm the size and shape of the nanoparticles 
and is shown in Fig. 2. The particles appear to have a spherical shape with an average diameter 
of 14 nm ± 6nm. The use of sodium alginate as capping agent insures the formation of small 
nanoparticles by preventing their growth and can be seen on the TEM image surrounding the 
silver particles. Sodium alginate, which is an anionic polysaccharide, will provide a net negative 
charge coating at the surface of the nanoparticles. By means of electrostatic interaction between 
of the negatively charged silver nanoparticles and the positive electrolyte (PDADMAC) the 
formation of a multilayer thin film will be possible.  In results not presented here we have 
investigated the effect of varying the molar ratio of sodium alginate to silver nitrate added in the 
NaBH4 during the reduction process. We found that this ratio has a little effect on the final size 
of the silver NPs and has therefore fixed to the optimum mixing ration of 0.1 to 1 of alginate and 
silver nitrate respectively. 
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Fig.1 Spectrum of the synthesized silver nanoparticles dispersed in water 

 
 

 Figure 3 provides a summary of the dipping method used in our study for the 
formation of a silver nanoparticles thin film. Prior to the deposition of the silver nanoparticles 
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thin film, the glass slide substrate was cleaned using the oxidizing “piranha solution” to remove 
any organic contaminant The clean glass slide was then dipped in the hot ammonia solution to 
render its surface hydrophilic (Fig. 3-A) and provide a negative charge at its surface. The clean 
glass slide was then dipped in the dilute PDADMAC solution, which is a cationic 
polyelectrolyte. The absorption of the polyelectrolyte through electrostatic interaction has for 
effect to reverse the negative charge present at the surface of the glass substrate to a positive 
charge (step B). After three rinse steps to remove the loosely bound polyelectrolyte, the glass 
slide was then dipped in the silver nanoparticles solution. The electrostatic interaction between 
the negative charged provided by the alginate at the surface of the silver nanoparticles led to the 
immobilization of a monolayer of silver nanoparticles at the surface of the film (step C). The 
surface charge being reversed to negative by the silver NPs, further dipping steps can be 
repeated in cycles as many times as the number of desired layers. 
 

 
Fig.2 TEM of the synthesized silver nanoparticles from 0.1mM sodium alginate and 1mM silver nitrate 

 
 

 
Fig.3 Dipping steps for the preparation of silver nanoparticles thin films. A: Clean glass slide. B: dipping step in the 

PDADMAC solution. C: Dipping step in the silver nanoparticles solution. D: Resulting multilayer thin film after 
repeating 4 times the full dipping cycle 

 
 

 The layer-by-layer assembly of silver nanoparticles onto the glass slide substrate was 
monitored by recording the changes in absorbance at 430 nm. It is important to note that the 
surface plasmon absorbance band of the nanoparticles in water is centered at 400 nm but is red 
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shifted when the nanoparticles are deposited in the polymer thin film. The red shift is expected 
to occur due to the highly electrostatic environment provided by the polyelectrolyte thin film, 
which perturb the surface plasmon resonance of the silver nanoparticles. After each deposition 
of a silver nanoparticles layer, the film showed an increasing yellow coloration as it can be seen 
in Fig. 4-B. The corresponding increase in absorbance shows a linear relationship between the 
number of deposited layers and the absorbance at 430 nm (Fig. 4-A), which is typical of a well-
defined layer-by-layer deposition.  
 

 
           
Fig.4 Plot of the increase in absorbance as a function of the number of deposited layers of PDADMAC and silver 

nanoparticles (A). Picture of the glass slides coated with the corresponding number of layers (2 – 20) (B) 
 
 

 We focused then on investigating the effect of three major parameters, which 
influences the growth behavior of such thin films systems. First the effect of the concentration in 
cationic polyelectrolyte PDAMAC was evaluated. Several thin films were prepared with various 
concentration of PDADMAC ranging from 0.01 to 10 mM and their absorbance at 430 nm was 
measured. As reported in Fig. 5, it can be seen that very dilute solution of PDADMC down to 
1 mM [0.16 g/L] are sufficient for the preparation of the thin film.  The plateau in absorbance 
observed between 1 and 10mM is typical of the self-limited deposition of charged 
polyelectrolyte onto an oppositely charged substrate. This limitation is due to the fact that the 
polyelectrolyte already absorbed onto the surface will prevent the deposition of excess 
polyelectrolyte carrying the same charge due to electrostatic repulsion. In the present system we 
can see that increasing the concentration of polyelectrolyte do not increase the overall thickness 
of the film. The change in absorbance due to the decrease in PDADMAC concentration from 1 
to 0.01 mM is due to the incomplete coverage of the film surface and incomplete charge 
reversal, which then limit the deposition of the next layer.  
 Another factor we have investigated is the effect of the dilution of the silver 
nanoparticles solution. This parameter is of importance in order to optimize the nanoparticles 
content of the solution to be used during the deposition process. As expected for the deposition 
of charged species at the liquid solid interface, the excessive dilution of the silver nanoparticles 
content prevent the formation of a thin film. The incomplete coating of the previous positive 
PDADMAC layer with the dilute silver nanoparticles solution cannot completely coat and 
reverse the charge of the film. This results in an incomplete coating, which will decrease the 



Acta Metallurgica Slovaca, 13, 2007, 2 (147 - 155)                                                                                                         153 

 

efficiency of the next layer. As seen in Fig. 6, excessive dilution of the silver nanoparticles 
solution leads to the formation of a thin layer. 
 

 
Fig.5 Absorbance as a function of the PDADMAC concentration 
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Fig.6 Effect of the dilution factor of the silver nanoparticles solution on the thin film absorbance 

 
 

 Lastly we have investigated the effect of the ionic strength of the PDADMAC 
polyelectrolyte solution on the overall film thickness. Sodium chloride salt is often used to 
adjust the ionic strength of the polyelectrolyte solution in order to enhance the film growth. The 
charges provided by the salt ions in the solution enhance the deposition by screening the 
electrostatic repulsion between charged polymers. Several studies have illustrated the increases 
in film thickness with increasing ionic strength of the solution [18]. There are nonetheless some 
exceptions to these observations. While the high ionic strength of the solution can enhance the 
deposition of a high molecular weight polyelectrolyte, it can have the opposite effect on small 
nanoparticles or low charge density polyelectrolytes [19]. In the case of composite film 
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composed of high molecular weight PDAMAC and low charge density silver nanoparticles the 
high salt content can lead to their desorption. This phenomenon is illustrated in Fig. 7 and it can 
be seen that for salt concentration above 0.3 M NaCl, the film thickness decrease with increasing 
salt content. The optimum ionic strength resides in between 0.1 and 0.3 M NaCl. It is clear that 
the chemistry and charge density of the capping agent on the silver nanoparticles might induce a 
shift in the optimum NaCl concentration and it is recommended to repeat such an experiment in 
order to find the optimum condition for various capping agent. 
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Fig.7 Effect of the ionic strength of the PDADMAC solution on the thin film absorbance 

 
 

4. Conclusion 
 In conclusion we have to demonstrate the layer-by-layer deposition of silver 
nanoparticles reduced by NaBH4 and stabilized by sodium alginate. The composite thin film has 
good optical properties and its overall thickness can be controlled by the deposition condition. 
The effect of the PDAMAC concentration and silver nanoparticles has a minor effect and can 
easily be controlled by keeping their concentration high enough to insure a good coating. The 
effect of the ionic strength of the solution is somewhat more dramatic and can enhance or 
prevent the film formation. Much care should be given to the ionic strength of the solution used 
in the experiment. Based on these results the formation of good silver nanoparticles based thin 
film can be achieve for various applications. 
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