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RESUMEN 

Esta tesis se centra en la síntesis de nanopartículas de plata (AgNPs) y su 

posterior incorporación en recubrimientos delgados usando dos métodos 

alternativos: el proceso de síntesis in situ (ISS) de AgNPs y la técnica de 

embebido capa a capa (LbL-E) de AgNPs. Un preciso control de varios 

parámetros tales como la forma, tamaño, estado de agregación o la distribución 

de las nanopartículas de plata en los recubrimientos tiene una gran influencia 

en la posición final de la longitud de onda de la resonancia localizada de 

plasmones superficiales (LSPR). Además, estas películas que incorporan 

nanopartículas de plata han sido estudiadas para dos aplicaciones diferentes. 

La primera aplicación es la fabricación de recubrimientos antibacterianos 

eficientes. La segunda aplicación es la fabricación de un nuevo tipo de 

sensores de fibra óptica basados en la incorporación de nanopartículas de plata 

en películas nanoestructuradas, que hace posible obtener y observar dos 

resonancias ópticas diferentes,  (LSPR) y resonancias de modos con pérdidas 

(LMR), en un mismo dispositivo. 

 

 

 

 





 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT 

This thesis is focused on the synthesis of silver nanoparticles (AgNPs) and 

their further incorporation into thin films using two alternative methods, the In 

Situ Synthesis (ISS) process and the Layer-by-Layer Embedding (LbL-E) 

deposition technique. A precise control of several parameters such as the 

shape, size, aggregation state or distribution of the AgNPs into the films has a 

great influence in the wavelength position of the Localized Surface Plasmon 

Resonance (LSPR) of the AgNPs. With this aim, two deposition methods such 

as sol-gel process and Layer-by-Layer (LbL) assembly have been studied and 

applied in order to deposit different nanocoatings based on AgNPs onto glass 

slides and optical fibers. In addition, these thin films that incorporate AgNPs 

have been studied for two different applications. The first application is the 

fabrication of efficient antibacterial surfaces. The second application is the 

implementation of new optical fiber sensors based on the incorporation of 

these AgNPs in nanostructured films, making possible to obtain and display 

two optical resonances, (LSPR) and Lossy Mode Resonances (LMR), in the 

same device. 
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CHAPTER 1. Introduction 

1.1. Motivation and objectives 

Nanotechnology is an area of the science devoted to the manipulation of 

atoms and molecules. This discipline leads to the fabrication of structures in 

the nanometric scale [1, 2]. The ability of controlling the structure of matter at 

this atomic or molecular level makes possible the fabrication of devices or 

systems with new and unique properties as a result of their small size. Within 

the field of nanotechnology, noble metal nanoparticles (silver, gold, palladium, 

platinum) [3-5] are one of the most promising candidates for technological 

applications in fields as diverse as biology [6], catalysis [7], electronics [8], 

medicine [9] or optics [10]. These nanoparticles exhibit remarkable features 

such as their highly tunable optical properties and their high surface to volume 

ratios [11, 12]. For example, palladium or platinum nanoparticles are used as 

catalysts in a wide number of chemical reactions and, in these cases, the shape 

of the nanoparticles has a great influence in the catalytic activity [13, 14]. Gold 

and silver nanoparticles are very widely used in biomedical applications such 

as biomolecular detection or medical diagnostics [15], creating biosensing 

platforms with a high sensitivity for molecular recognition in the early-stage of 

the disease. Concretely, gold-nanoprobes are based on the functionalization of 

gold nanoparticles (AuNPs) with oligonucleotides or antibodies for 

recognition of specific DNA sequences [16-18] or for the detection of protein 

cancer markers [19-21].  

In addition, it has been demonstrated that noble metal nanoparticles have 

been used for signal enhancement in fluorescence assays when the 

fluorophores molecules are in the vicinity of noble metal nanostructures [22-

24]. This enhancement is a result of the dramatic electric improvement in the 

dielectric surrounding medium at the noble metal surface when light excites 

the nanoparticle under certain conditions. This rise in the intensity of the 

electromagnetic field around the fluorophore leads to an increase in the 

emitted fluorescence. Potential applications include the improvement of the 

signal obtained from optical biochips which results in better limits of detection 

[25]. The shape of the noble metal nanoparticles has an important influence in 

the emitted fluorescence. For example, enhanced fluorescence emission by 

noble metal nanoparticles with a rod shape is more than 1 order of magnitude 

larger in comparison with the enhancement achieved by nanoparticles with 

spherical shape [26]. Noble metal nanoparticles are also used for Surface-

Enhancement Raman Scattering (SERS) for the identification of analyte 
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molecules [27-29] and this enhancement is obtained through the excitation of 

electronic transitions in the analyte by using a laser source with an appropriate 

frequency. It has been also demonstrated that noble metal nanoparticles with 

unusual shapes (star), non-spherical (rod, prism, cube) or anisotropic shape 

show higher enhancement surface factors than spherical nanoparticles [3, 4, 

30, 31]. According to these results, the control of the metal nanoparticles 

morphology is of vital importance for biosensing and plasmonic applications 

[32-34]. In addition, metal nanoparticles show a strong absorption band in the 

visible, known as Localized Surface Plasmon Resonance (LSPR), which 

occurs when conduction electrons in metal nanostructures oscillate, as a result 

of their interaction with the incident electromagnetic radiation. The 

wavelength position of the LSPR absorption band displays a high dependence 

on the shape and size of the nanoparticles, and also with the refractive index of 

their surrounding medium [35]. This makes metallic nanoparticles good 

candidates for optical sensing applications.  

Furthermore, among all metallic materials, silver is of particular interest 

because it is a powerful antibacterial agent, showing antimicrobial efficacy 

against bacteria, viruses and microorganisms [36-39]. This excellent 

antibacterial activity makes possible the use of silver nanoparticles in food 

preservation [40], safe cosmetics [41], medical devices [42, 43], textile fabrics 

[44] or water treatment [45]. In addition, silver shows a low toxicity to human 

cells, broad spectrum biocide effect, biocompatibility, high thermal stability 

and low volatility [46]. These antibacterial properties related to the AgNPs are 

of great interest in optical fiber sensors [47-49]. The presence of AgNPs in the 

sensitive coatings of optical fiber sensors contributes to enhance the lifetime of 

the devices submitted to high Relative Humidity (RH) environments. In such 

RH conditions, the biocide behavior of AgNPs prevents the adverse bacteria 

growth which could damage the sensitive coating [50-52]. 

Regarding to synthetic methods, metal nanoparticles can be synthesized 

from solid, liquid or gaseous state, using two approaches known as “top-

down” and “bottom-up” [53]. The top-down approach uses physical 

(evaporation, laser ablation, arc discharge) and lithographic methods to pattern 

nanoscale structures, starting from a bulk material. The bottom-up approach 

uses interactions between molecules or colloidal particles to assemble 

nanoscale structures. Most of these deposition methods related to both 

approaches require specific experimental conditions (plasma, gas-phase, 

elevated temperature) to obtain thin films onto a substrate [54, 55]. However, 

solution-phase bottom-up synthetic methods are inexpensive, versatile and 

simple to implement, making possible the fabrication of nanoparticles as well 

as nanostructures of a wide range of materials [3, 4].  

Although different chemical approaches to synthesize AgNPs have been 

reported [56-61], this thesis will focus on water-based wet synthesis routes of 
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stable and well-controlled morphology (shape and size) AgNPs [62], and their 

incorporation into thin films [63]. More specifically, two different processes as 

In Situ Synthesis (ISS) process and Layer-by-Layer Embedding (LbL-E) 

deposition technique are studied. Remarkable differences between both 

processes are observed in terms of the location of the LSPR absorption bands 

as well as the shape and size of the synthesized AgNPs. In addition, this work 

will also analyze in detail the incorporation of the AgNPs into the coatings, 

preserving their aggregation as well as maintaining the initial shape and size 

[63]. The use of adequate encapsulating and reducing agents will be one of the 

keys for the synthesis and a further incorporation into the films. This work will 

use two deposition techniques, sol-gel method and Layer-by-Layer (LbL) 

assembly, for the fabrication of thin films because of their simplicity, 

flexibility, versatility and the possibility of assembling inorganic nanoparticles 

and organic materials for the synthesis of hybrid nanostructures [64-67].  

Finally, once AgNPs have been successfully synthesized and incorporated 

into thin films, the features of such AgNPs loaded coatings will be analyzed in 

two different applications. Firstly, the implementation of highly efficient and 

low-cost antibacterial surfaces against bacteria growth is shown due to the 

biocide effect of the AgNPs. And secondly, in the field of optical fiber sensors 

[68] for measuring relative humidity changes, the use of nanostructured thin 

films makes possible the generation of optical effects which cannot be 

appreciable with the utilization of thicker coatings. One of these optical effects 

is known as Lossy Mode Resonance (LMR) [69], enabling the fabrication of 

optical fiber sensors with tunable spectral response. Furthermore, the presence 

of the AgNPs in the nanostructured sensitive coating makes possible the 

generation of two optical resonances (LSPR and LMR) in a same spectral 

range [47]. This dual reference makes possible to obtain more accurate 

measurements because it is possible to monitor both LSPR and LMR as a 

function of Relative Humidity changes (RH), observing notable differences in 

their sensitivity.  
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1.2. Organization 

First of all, a method for the in situ synthesis (ISS) process of metallic silver 

nanoparticles (AgNPs) into thin films is presented in Chapter 2, using two 

different deposition techniques, the sol-gel process and the Layer-by-Layer 

(LbL) assembly, techniques which have been specifically explained in 

Appendixes 1 and 2. In this ISS method, firstly, a thin film is obtained using 

sol-gel process or LbL assembly, and secondly, the in situ synthesis of the 

silver nanoparticles is performed into these thin films. The ISS of AgNPs is 

based on chemical reactions in solution (often termed wet chemistry) that 

yields loading metal ions (Ag
+
) and a further reduction from metal ions to 

silver nanoparticles (Ag
0
) [50, 51]. Several parameters have been evaluated, 

such as the use of an adequate weak polyelectrolyte poly(acrylic acid, sodium 

salt) (PAA), a specific pH value, thickness or effect of the temperature.  

The first part of Chapter 3 is devoted to the synthesis of multicolored silver 

nanoparticles, as a function of the fine control of two parameters: the 

protective and reducing agents concentration, making possible the synthesis of 

AgNPs with different shapes [62]. The second part of this chapter is focused 

on the incorporation of these colored AgNPs into thin films using the LbL 

assembly [63]. The successive incorporation of AgNPs using the LbL 

assembly will be named Layer-by-Layer Embedding (LbL-E) deposition 

technique. A study of the color formation in the resultant LbL-E films will be 

investigated as a function of the thickness and the pH of the dipping 

polyelectrolyte solutions. 

In chapter 4, the possibility of combining organic polymeric chains with 

inorganic materials (AgNPs) opens the door to the design of hybrid materials 

with a high functionality. These thin films based on the incorporation of 

AgNPs have been studied as antibacterial surfaces. It is well known that silver 

is considered a very good antibacterial agent, showing a broad spectrum 

biocide effect. Consequently, this chapter deals with the development of 

efficient antibacterial surfaces [51].  

Finally, the fabrication of optical fiber humidity sensors based on Localized 

Surface Plasmon Resonance (LSPR) [47], Lossy mode resonance (LMR) [48] 

and both optical phenomena (LSPR and LMR) [49] will be presented in 

Chapter 5. The apparition of the optical resonances will be evaluated as a 

function of the resultant thickness, when a waveguide is coated with a 

sensitive coating using the ISS process or the LbL-E deposition technique. The 

differences in their sensitivities to Relative Humidity (RH) changes will be 

also analyzed.  

 



Chapter 1. Introduction  5 

A graphical summary about the organization of this thesis is plotted in 

Figure 1.1. 

 

Figure 1.1. A schematic representation of the chapters of this work.  
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CHAPTER 2. In situ synthesis of silver nanoparticles into 

thin films 

In this chapter, a method for the in situ synthesis (ISS) of silver 

nanoparticles (AgNPs) into thin films is presented, using two different 

host matrices fabricated by the sol-gel process and the Layer-by-Layer 

(LbL) assembly. Several parameters such as thickness evolution, pH 

value, thermal treatment or morphology of the coatings have been 

evaluated. The great simplicity, repeatability and versatility of this 

method based on a metal-ion exchange and a further in situ chemical 

reduction of silver cations to obtain the silver nanoparticles makes 

possible the fabrication of organic-inorganic hybrid coatings, opening 

up new opportunities to obtain thin films with a high functionality. 

2.1. Introduction  

One of the main factors that have helped to the explosion of the 

nanotechnology in the last years is the existence of several deposition methods 

on the nanometric scale. There are two approaches, known as top-down and 

bottom-up, which are used to fabricate nanotechnology products. The first one 

consists of starting with a bulk material and then breaks it into smaller pieces 

using mechanical, chemical or other form of energy (top-down). The second 

one is based on the synthesis of the material from atomic or molecular species 

via chemical reactions and makes possible to grow in size (bottom-up). Both 

approaches are of great interest to obtain thin films with special properties [1-

12]. Due to this, the development of nanoscale materials and their 

corresponding fabrication processes are so attractive in the scientific 

community because of their potential applications in many areas such as 

biology, biochemistry, medicine, chemistry, physics, electronics, photonics, 

sensing, among others [13-22].  

It is important to remark that a higher number of deposition methods related 

to both approaches have been developed in the last decades. Most of these 

deposition techniques such as lithography, chemical vapor deposition (CVD), 

laser ablation, atomic layer deposition or molecular beam epitaxy require 

expensive equipment and specific experimental conditions (plasma, gas-phase, 

elevated temperature or high energy) in order to deposit the thin films on a 

desired substrate [23-26]. However, liquid phase methods are a good 

alternative to make nanomaterials because of their low cost and the possibility 
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of being upscalable. The focus of this chapter is the use of bottom-up 

fabrication processes based on liquid phase methods for the production of 

advanced nanomaterials. Of all them, sol-gel process and the Layer-by-Layer 

assembly are investigated for the fabrication of thin films [27-37]. The main 

advantages of both methods are their flexibility, simplicity and versatility.  

In addition, the synthesis of metal nanoparticles [38, 39] to be incorporated 

into thin films has attracted the attention of the researches due to their unique 

properties and potential applications, range from antibacterial to optical 

applications. A precise control of the shape, size, agglomeration degree, 

composition and distribution of the nanoparticles are key parameters during 

the synthesis process. Generally, this control can be achieved by varying the 

synthesis method, reducing agent, protective agent or the pH of the reaction 

system. According to this, the sol-gel method and the Layer-by-Layer (LbL) 

assembly are some of the most suitable methods of synthesis that can be used 

to prepare metal nanoparticles (gold, silver, copper) with a great control of the 

nanoparticle size, size distribution, composition and cristallinity.  

The optical properties of the metal nanostructures are very attractive 

because of the existence of a plasmon resonance band, known as Localized 

Surface Plasmon Resonance (LSPR), which occurs when conduction electrons 

in metal nanostructures collectively oscillate, as a result of their interaction 

with an incident electromagnetic radiation [40-43]. A specific wavelength 

position of the LSPR displays a high dependence on the resultant shape and 

size of the nanoparticles. Such nanoplasmonic properties of the metal 

nanostructures with a well-controlled shape and size of the nanoparticles by 

adjusting the synthesizing parameters are being investigated because of their 

unique or improved electronic, catalytic or optical properties [44-48].   

In this chapter, a novel method is presented for the in situ synthesis (ISS) of 

silver nanoparticles (AgNPs) into thin films (host matrixes) which are 

previously obtained by the sol-gel process and the Layer-by-Layer (LbL) 

assembly. The in situ synthesis (ISS) of silver nanoparticles is based on 

chemical reactions in solution (often termed wet chemistry) that yields loading 

metal ions and a further synthesis of the metal nanoparticles. In the next 

section, a host matrix obtained by sol-gel process for the in situ synthesis of 

silver nanoparticles is presented. This sol-gel deposition technique has been 

selected by its simplicitiy, quite inexpensive approach and the possibility of 

obtaining organic-inorganic hybrid materials with a high functionality. 
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2.2. In situ synthesis (ISS) of the silver nanoparticles into a 

hybrid sol-gel matrix 

In this Section, an organic/inorganic hybrid matrix has been developed by 

sol-gel process using the dip-coating technique. More details about sol-gel 

deposition technique, chemical reactions and experimental conditions can be 

found in Appendix 1. 

An organic/inorganic hybrid matrix was prepared by mixing an aqueous 

polymeric solution of poly(acrylic acid, sodium salt) (PAA), tetraethyl 

ortosilicate (TEOS) and absolute ethanol (EtOH) under vigorous stirring at pH 

8.0 [49]. The use of PAA in the sol-gel hybrid matrix is of great interest due to 

the presence of free carboxylic acid groups, known as nanoreactor host sites, 

which are available for a subsequent metal ion exchange for the introduction 

of inorganic ions such as silver. More specifically, the free acid groups are 

responsible for binding Ag-ions by metal-ion exchange with the proton [50]. 

The PAA polymeric solution was prepared using ultrapure water and its 

concentration was varied from 1 mM to 20 mM respect to the repetitive unit. 

The molar ratio in the initial precursor solution of TEOS:EtOH:PAA was 

0.11:0.77:0.12 and was aged for one day at room temperature. Then, the 

substrates (glass slides) were immersed into the precursor solution for 15 

seconds and lifted from the solution at a speed of 0.4 cm/s using a ND-DC dip-

coater from Nadetech Innovations. In order to evaporate very gently the 

remaining solvents and to allow the consolidation of the films, the samples 

were stored at room temperature for 3 hours. As a result, high quality 

transparent films were obtained in this fabrication step. The next step is based 

on the in situ synthesis (ISS) of the silver nanoparticles (AgNPs) into the 

previous hybrid matrix obtained by sol-gel process. 

The experimental process consists of the use of the hybrid matrix as a host 

for the in situ synthesis of the AgNPs. Firstly, silver ions were immobilized 

into the hybrid matrix by via ion exchange by simply immersing the coated 

samples into the silver nitrate (AgNO3) solution (0.01 N). During this loading 

step, silver cations (Ag
+
) formed electrostatic pairs with some of the 

carboxylate groups (COO
-
) from PAA. This loading step was carried out for 5 

minutes. Secondly, the silver ions loaded into the coatings were reduced by 

immersing the samples into dimethylamine borane complex (DMAB) solution 

(0.01 N) which acted as a reducing agent [49, 51-55]. In this step, the 

carboxylate-bonded Ag
+
 ions were reduced to produce zero valent silver 

nanoparticles (Ag
0
). This reducing step was carried out for 5 minutes. Between 

each loading and reduction step, samples were thoroughly rinsed in ultrapure 

water for 30 seconds. This Loading/Reduction (L/R) cycle can be repeated as 
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many times as desired to induce a growth of the silver nanoparticles into the 

films.  

A schematic representation of this experimental process can be observed in 

Figure 2.1. 

 

Figure 2.1. Schematic illustration of the metal ion exchange in the hybrid matrix obtained by sol-gel 

deposition technique and a further in situ synthesis (ISS) of the silver nanoparticles. 

The visual aspect of the hybrid thin films remained unaltered after the silver 

(AgNO3) loading immersion step (transparent), although the silver cations 

(Ag
+
) were already present in the thin films. However, the films showed a 

coloration change from transparent to golden-yellowish after the DMAB 

reduction immersion step. Such alteration of the visible absorption spectrum of 

the samples is directly related with the Localized Surface Plasmon Resonance 

(LSPR) phenomenon [39, 40] typical of gold and silver nanoparticles.  

In Figure 2.2, it is shown the aspect of the thin films once fabricated with 

the initial hybrid matrix (TEOS, PAA and ethanol) and after the in situ 

synthesis (ISS) of the silver nanoparticles (AgNPs) via metal ion exchange and 

a further chemical reduction. This chemical reduction process was performed 

for a total number of 4 Loading/Reduction (L/R) cycles for a PAA 

concentration of 20 mM. 

http://www.nanoscalereslett.com/content/6/1/305#B39
http://www.nanoscalereslett.com/content/6/1/305#B40
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Figure 2.2. Aspect of the thin-films after the in situ synthesis (ISS) of the silver nanoparticles 

(AgNPs) into the sol-gel hybrid matrix (20 mM PAA) as a function of the number of L/R cycles 

(golden-yellowish color) in comparison with a film with only hybrid matrix (transparent). 

In Figure 2.3, it is shown the UV-Vis spectra (20 mM PAA) of the thin 

films using this in situ synthesis (ISS) process as a function of the number of 

Loading/Reduction cycles. The existence of an absorption band at 410 nm 

with the resultant change coloration from transparent to yellow-orange is 

indicative that AgNPs have been successfully synthesized into the thin films. 

 

Figure 2.3. UV-Vis spectroscopy of the in situ synthesis (ISS) of the silver nanoparticles (AgNPs) 

into the hybrid sol-gel matrix for different number of Loading/Reduction cycles (1, 2, 3 and 4 L/R) 

and for a PAA concentration 20 mM. 
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As it was previously commented, such narrow absorption bands are due to 

the LSPR phenomenon of the silver nanoparticles synthesized inside the 

coating [56-58]. Furthermore, in order to get an additional evidence of the 

presence of silver within the hybrid coatings, an elemental analysis was 

obtained using the EDX technique (Figure 2.4). This EDX spectrum shows a 

peak at 3 keV that confirms the presence of silver within the coating. The rest 

of the lines of the EDX spectrum correspond to other elements which are 

present in the coating (mainly Si, O, and Na) and also present in the glass slide 

substrate. The EDX analysis together with the LSPR absorption band of the 

UV-VIS spectra make possible to confirm the reduction of silver ions (Ag
+
) to 

silver nanoparticles (Ag
0
) inside the organic/inorganic hybrid coating. 

 

Figure 2.4. EDX analysis of the resultant hybrid coating after 4 L/R cycles with PAA molar 

concentration of 20 mM. 

Another important consideration is the effect of the molar concentration of 

the PAA (1 mM or 20mM) in the initial hybrid matrix because it plays a key 

role in order to understand the further in situ synthesis (ISS) of the AgNPs into 

the thin films in comparison with a control coating based on only inorganic 

TEOS matrix without any PAA polyelectrolyte (no hybrid). In Figure 2.5, the 

evolution of the maxima absorption bands at LSPR wavelength position 

obtained by UV-Vis spectroscopy of three different coatings (control, hybrid 

PAA 1mM and hybrid PAA 20 mM) are shown. A growth in the intensity 

related to the LSPR bands can be observed when the number of L/R cycles is 

increased, although this effect is more notorious in the hybrid matrix with a 

higher PAA concentration (20 mM) in comparison with PAA 1 mM. 

http://www.nanoscalereslett.com/content/6/1/305/figure/F3
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Figure 2.5. Evolution of LSPR absorption bands after the Loading/Reduction (L/R) cycles for a 

control (only TEOS) and variable PAA concentration (1 and 20 mM). 

This result confirms the hypothesis that lower PAA concentration results in 

less nanoreactor host sites for the introduction of Ag
+
 ions during the loading 

step, and the amount of synthesized AgNPs is significantly lower in the hybrid 

matrix. In addition, when this same Loading/Reduction (L/R) protocol was 

carried out in the control precursor (only TEOS) without any PAA 

polyelectrolyte, no significant LSPR absorption band was observed because 

there was not any nanoreactor host site available to incorporate the silver ions 

via ion exchange during the fabrication process. According to these results, a 

higher PAA concentration in the hybrid matrix makes possible to obtain a 

higher LSPR absorption band after the number of L/R cycles because there is 

an increase of nanoreactor host sites for synthesizing the AgNPs into the thin 

film. This result is corroborated by the increase of the color formation from 

transparent to golden-yellowish when both number of L/R cycles and PAA 

concentration are increased (see Figure 2.2). 

Once it has been corroborated that a higher PAA concentration (20 mM) 

provides a higher number of nanoreactor host sites for the silver ions (Ag
+
) 

during the loading immersion step by ion exchange which enables to obtain a 

higher amount of AgNPs during the reduction immersion step. Then, an 

important aspect is that there was not found any significant variation in the 

thickness evolution after the L/R cycles in comparison with the control coating 

(only TEOS and PAA), as it can be observed in Table 2.1. 
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Table 2.1. Average evolution thickness before and after Loading/Reduction (L/R) cycles. 

 

A study of the influence of the temperature indicates that these hybrid thin 

films can be thermally treated at high temperature values due to the presence 

of the inorganic TEOS matrix. This high temperature is of great interest when 

it is necessary to improve the mechanical stability of the films [59] and a 

change from amorphous silver to crystalline silver is corroborated by X-ray 

diffraction (XRD) analysis (see Figure 2.12). The reflection peaks at 2θ values 

of 38.1º and 44.3º is indicative of the existence of crystal planes of the silver 

nanoparticles which corresponds to crystal phase of cubic silver. 

 

Figure 2.6. XRD of the hybrid matrix after thermal treatment of 450 ºC for 2 hours. 

In Figure 2.7, it is possible to observe that the basic pH of the precursor 

solution gives macroporous aggregates (Fig. 2.7a) that can be assembled into 

thin films with the sol-gel dip coating technique [60, 61]. Then, once the in 

situ synthesis of the AgNPs has been performed, the porosity of the aggregates 

allows the ionic interchange with the external medium and at the same time, 
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no variation in the morphology and thickness of the hybrid films was observed 

(Fig. 2.7b). In addition, these films showed a sharp improvement of the 

mechanical strength in terms of manual scratching test after the thermal 

treatment. AFM analysis showed that there was no significant alteration in the 

morphology of the resultant films with a partial thickness reduction (Fig. 2.7c). 

This hybrid matrix shows an average roughness (Rq) of 29.8 nm (rms). 

 

Figure 2.7. AFM images of the (a) hybrid coating (TEOS and PAA 20 mM); (b) hybrid coating after 

4 L/R cycles and (c) hybrid coating after 4 L/R cycles and a thermal treatment of 450 ºC for 2 hours. 

Finally, sol-gel process indicates that the amount of synthesized AgNPs is 

increased when PAA molar concentration is higher. However, problems of 

stability of the initial sol-gel host matrix are observed when PAA is increased 

and thin films with less transparency are obtained for higher PAA molar than 

20 mM. Due to this, an alternative approach for the incorporation of a higher 

amount of AgNPs can be achieved using the LbL assembly as a host matrix. 

Polyelectrolytes exhibit a pH-dependent degree of dissociation that defines the 

amount of free carboxylic acid groups (nanoreactor host sites) which are 

responsible for binding Ag-ions by the metal-ion exchange mechanism. 
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2.3. In situ synthesis (ISS) of the silver nanoparticles into 

thin polymeric Layer-by-Layer (LbL) films 

In order to obtain the in situ synthesis (ISS) of the silver nanoparticles 

(AgNPs) into the LbL films, the fabrication process has been performed in two 

steps. More details about the LbL assembly, experimental conditions and 

fabrication process can be found in Appendix 2.  

Firstly, a polymeric coating has been fabricated using the LbL assembly by 

sequentially exposition the substrate to poly(allylamine hydrochloride) (PAH) 

as a polycation and poly(acrylic acid, sodium salt) (PAA) as a polyanion at a 

desired pH. This process has been repeated up to a total thickness of 40 

bilayers. A bilayer is the combination of a cationic layer (PAH) and an anionic 

layer (PAA). Secondly, silver cations (Ag
+
) have been immobilized into the 

previous polymeric matrix obtained by the LbL assembly via metal-ionic 

exchange when LbL films have been immersed into a silver nitrate solution 

(AgNO3 0.01 N). Afterwards, the silver loaded into the LbL polymeric coating 

has been reduced using dimethylamine borane complex solution (DMAB 0.01 

N). This reducing agent (DMAB) makes possible the in situ synthesis (ISS) of 

the silver nanoparticles (Ag
0
) into the LbL films [49, 51], as it was previously 

commented in Section 2.2. A schematic representation of this experimental 

process is shown in Figure 2.8. 

 

Figure 2.8. Schematic illustration of the ion exchange in the polymeric LbL matrix and a further in 

situ synthesis (ISS) of the silver nanoparticles into thin LbL films. 
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It has been found that it is possible to use the pH of the polyelectrolyte 

dipping solutions to control the number of free carboxylic acid groups present 

in the multilayer thin films constructed from weak polyacids such as PAA [62, 

63]. This polyanion presents carboxylate and carboxylic acid groups at a 

suitable pH where the carboxylate groups are the responsible for the 

electrostatic attraction with the cationic groups of the polycation (PAH), 

forming ion pairs to build sequentially adsorbed multilayers in the LbL 

assembly [64-66]. However, the free carboxylic acid groups are responsible 

for binding Ag-ions by the metal-ion exchange mechanism with the proton 

(nanoreactor sites).  

In Figure 2.9, two different pH values of the PAA, pH 7.0 and pH 9.0 

respectively, are used to show how the silver nanoparticles are synthesized 

into the LbL films. A color change from transparent to yellow-orange has been 

pointed as an interesting result to corroborate the in situ synthesis (ISS) of the 

silver nanoparticles (AgNPs) during the loading (AgNO3) and a further 

reduction (DMAB) process into the polymeric film. This Loading/Reduction 

(L/R) process has been repeated up to 4 times because it has been 

demonstrated that AgNPs have been synthesized in the polymeric LbL film. 

 

Figure 2.9. In situ synthesis (ISS) of the AgNPs into LbL films as a function of the number of L/R 

cycles and the pH value of the dipping polyelectrolyte solutions (PAH and PAA, respectively). 
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It is possible to appreciate the difference between a glass slide with only 

polymeric coating [PAH/PAA]40 obtained by the LbL assembly at pH 7.0 or 

9.0 (transparent), and the evolution of the yellow-orange coloration after the 

successive Loading/Reduction (L/R) cycles. When a higher number of L/R 

cycles has been performed, a better definition of the orange coloration in the 

LbL films can be observed, which is indicative that AgNPs have been 

synthesized into the polymeric LbL films. In addition, a higher number of 

nanoractor sites are available at pH 9.0, enabling a higher ion exchange and as 

a result, a higher number of the in situ synthesis (ISS) of silver nanoparticles is 

obtained into the LbL film. Due to this, the films show a higher intense orange 

coloration at pH 9.0 in comparison with the films at pH 7.0. 

In Figure 2.10, UV-Vis spectra of the LbL films are shown after the in situ 

synthesis (ISS) of the silver nanoparticles (AgNPs) at pH 9.0. The presence of 

the LSPR absorption band at a specific wavelength position (420 nm) is 

indicative that AgNPs with a spherical shape have been synthesized into the 

LbL films. In addition, an increase in intensity of the LSPR absorption bands 

is observed when the number of L/R cycles is increased. This result is due to a 

higher amount of AgNPs are incorporated into the LbL films when the number 

of L/R cycles is increased during the fabrication process.  

 

Figure 2.10. UV-Vis spectroscopy of the in situ synthesis (ISS) of the silver nanoparticles (AgNPs) 

into LbL films for different number Loading/Reduction cycles (1, 2, 3 and 4 L/R cycles).  
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The influence of the temperature in the LbL films has been also evaluated. 

The films have been thermally treated at 150 ºC to improve their mechanical 

stability and promote a chemical crosslink between the polymeric chains of 

both polyelectrolytes, PAH and PAA. An amide bond is formed between the 

carboxylic acid groups (COOH) of the PAA and the amine groups (NH2) of 

the PAH. In addition, it is important to remark that higher values of 

temperature (i.e. melting point) produces a total evaporation of the polymeric 

chains and so, the only contribution of the silver nanoparticles (AgNPs) will be 

observed in the films.  

In Figure 2.11, UV-Vis spectra of the LbL films are shown after thermal 

treatment of 150 ºC for 2 hours. The maxima of the LSPR absorption bands 

have been shifted in wavelength position (from 420 nm to 425 nm) and 

increased in intensity. This aspect related to LSPR evolution band can be 

better observed in Figure 2.12 where the intensity of the LSPR bands after 

thermal treatment is duplicated for the higher number of L/R cycles (n= 3, 4) 

in comparison with the films at room temperature. 

 

Figure 2.11. UV-Vis spectroscopy of the in situ synthesis (ISS) of the silver nanoparticles (AgNPs) 

into LbL films for different number Loading/Reduction cycles (1, 2, 3 and 4 L/R cycles) after thermal 

treatment of 150 ºC for 2 hours.. 
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Figure 2.12. Comparative study of the intensity of the LSPR absorption bands as a function of the 

number of Loading/Reduction (L/R) cycles at room temperature and after thermal treatment of 150ºC 

for 2 hours . 

In all the cases of study, an increase in intensity of the LSPR absorption 

bands has been observed in the UV-Vis spectroscopy after thermal treatment 

(150 ºC). A conclusion of this result can be due to a better proximity of the in 

situ synthesis of the AgNPs in the LbL films and so, a higher value in intensity 

of the LSPR absorption bands is observed. 

In order to understand this thermal effect related to the drastic increase of 

the LSPR absorption bands, an AFM analysis was performed to study the 

thickness evolution (see Table 2.2) and the morphology of the resultant LbL 

films at room temperature and after thermal treatment (150 ºC). The thickness 

evolution after n cycles of L/R (n=1-4) is very similar that only polymeric LbL 

coating [PAH(9.0)/PAA(9.0)]40, so that no change in the resultant thickness is 

observed after the in situ synthesis (ISS) of the AgNPs into the LbL films. In 

addition, the effect of the temperature results in a partial thickness reduction 

(around 20%) with no significant changes between initial control coating (only 

polymeric LbL film) and the coatings based on in situ synthesis of the silver 

nanoparticles (AgNPs) after the Loading/Reduction (L/R) process. 
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Table 2.2. Average evolution thickness as a function of the Loading/Reduction (L/R) cycles added. 

 

 

According to this result of no variation of the thickness after L/R cycles, the 

morphology of the resultant films has been evaluated. In Figure 2.13, AFM 

analysis (1x1 µm) show a random distribution of the in situ synthesis (ISS) of 

the AgNPs with a spherical shape and variable size into the polymeric LbL 

films, as it can be observed in both height (a) and phase (b) images. These 

AFM images are of [PAH(9.0)/PAA(9.0)]+4 L/R cycles coating in tapping 

mode at room temperature and show an average in roughness of 1.39 nm 

(rms). The light spots observed in the height image correspond to the in situ 

synthesis (ISS) of the silver nanoparticles (AgNPs) into the LbL films which 

can be perfectly observed in the phase image. 

 

Figure 2.13. AFM images (1x1 µm) in tapping mode of height (a) and phase (b) for a coating 

[PAH(9.0)/PAA(9.0)] + 4 L/R cycles before thermal treatment (room temperature). 
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A totally different aspect of the in situ synthesis of the AgNPs in the 

topographic distribution can be observed after thermal treatment (150 ºC) for 

the [PAH(9.0)/PAA(9.0)] + 4 L/R cycles coating (see Figure 2.14). For this 

specific case, AFM images (1x1 µm) in tapping mode reveal a random 

distribution with an aggregation of the silver nanoparticles (AgNPs) in the 

polymeric LbL overlay. This aggregation of the AgNPs makes that the 

resultant films have increased in roughness with an average of 4.76 nm (rms). 

This thermal treatment induces an aggregation of the in situ synthesis of the 

AgNPs into the LbL films due to the partial thickness reduction of the films 

and so, an increase of the LSPR absorption bands (UV-Vis spectra) is 

obtained. 

 

Figure 2.14. AFM images (1x1 µm) in tapping mode of height (a) and phase (b) for a coating 

[PAH(9.0)/PAA(9.0)] + 4 L/R cycles after thermal treatment of 150 ºC for 2 hours. 
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2.4. Comparison between sol-gel deposition process and 

Layer-by-Layer (LbL) assembly using in situ synthesis (ISS) 

of silver nanoparticles 

In this section, it will emphasize the advantages and limitations of both 

techniques in the world of materials science for fabricating thin films. One of 

the main advantages of both techniques is the simplicity and versatility without 

the need of using expensive substances or equipment to perform the process. 

In addition, another benefit is that the coatings can be fabricated at room 

temperature based on aqueous solutions (wet chemistry) that yield metallic 

silver nanoparticles (LSPR).  

According to the results observed in the UV-Vis spectra, the maxima values 

related to LSPR absorption bands in the sol-gel process are lower in intensity 

in comparison with the values obtained in the LbL assembly, using the same 

synthetic route for in situ synthesis (ISS) of AgNPs. The main reason of this 

result is that there is less PAA available groups in the hybrid sol-gel matrix, 

and as result, the amount of nanoreactor sites for a further metal ion exchange 

by silver ions in the loading step is lower when the substrates are immersed in 

the AgNO3 solution. 

An alternative to obtain higher PAA available groups in the sol-gel process 

could be to increase the number of dips in the initial hybrid precursor solution 

(only TEOS and PAA) before doing L/R protocol and so, the further in situ 

chemical reduction allows a higher ionic exchange with the resultant increase 

of the AgNPs. As a result, an increase of the resultant thickness is obtained 

and a change from nanometer to micrometer scale is observed. Due to this, 

applications where a precise control of the evolution thickness at nanometric 

scale is required as it can be in optical devices, the sol-gel dip-coating 

deposition technique is not an adequate process. However, applications where 

the thickness is not a crucial parameter, sol-gel method can be applied due to 

the easy way of implementing the deposition process. As an example, 

antibacterial surfaces proposed in Chapter 4 where only the presence of silver 

nanoparticles into the thin films will be the key to obtain a biocide effect and 

prevent the bacteria growth in a desired surface.  

In addition, an important consideration in the sol-gel process is that a 

variable period of time is necessary to observe a change from sol to gel which 

depends on several parameters such as molecular alkoxyde precursor (TEOS), 

concentration and nature of the catalyst or water to silane ratio. This sol ageing 

time strongly affects in the final properties of the film obtained by dip-coating 

deposition technique. It has been corroborated that deposition processes 

performed at different period of time of a same sol-gel solution produces 

coatings with a different thickness.  
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To overcome the limitation of the thickness precision, LbL assembly can be 

a good alternative for obtaining thin films with a nanometric variation because 

the resultant thickness can be perfectly controlled with a high precision and 

accuracy as a function of the number of bilayers deposited onto the substrate. 

In addition, the composition and thickness of an individual bilayer can be 

controlled by adjusting the deposition parameters such as concentration, pH 

and immersion time in the aqueous weak polyelectrolyte solutions. Due to this 

precise control of the coating thickness at a nanoscale level, LbL method is 

chosen to fabricate optical fiber sensors for measuring Relative Humidity (RH) 

changes. A small change in the resultant thickness as a function of the number 

of bilayers added in the coating during the LbL fabrication process makes 

possible the apparition of new absorption resonant bands in the visible or 

infrared region, called Lossy Mode Resonance (LMRs) which are very 

sensitive to humidity changes with an adequate monitoring. More details about 

this variation of the LMR bands as well as LSPR bands related to the metallic 

silver nanoparticles (AgNPs) are extensively explained in Chapter 5, as a 

function of the number of bilayers added (thickness).  

To sum up, a scheme of the results obtained of both LbL assembly and sol-

gel process using the in situ synthesis (ISS) of silver nanoparticles is shown in 

Table 2.3. 

Table 2.3. A scheme of the results obtained by in situ synthesis (ISS) process using the LbL assembly 

and sol-gel process. 
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2.5. Conclusions 

In this chapter, a method for the in situ synthesis (ISS) of AgNPs into thin 

films is explained using two different deposition techniques, the sol-gel 

process and the Layer-by-Layer (LbL) assembly. In both cases of study, 

firstly, a thin film is fabricated using these two deposition processes and 

secondly, a further in situ synthesis of the silver nanoparticles into the thin 

films is performed.  

This approach of the in situ synthesis (ISS) is based on the pH-dependent 

dissociation of weak polyacids such as PAA, as a function of the pH, where 

both ionized (carboxylate) and non-ionized (carboxylic) groups are obtained. 

The presence of the free carboxylic acid groups makes possible to bind metal 

ions via a simple aqueous ion exchange procedure, and a further chemical 

reduction step with a reducing agent, leads to obtain the silver nanoparticles 

within the thin film. As a result, a final golden-yellowish (sol-gel) or orange 

coloration (LbL) is observed which it is indicative that AgNPs have been 

successfully incorporated into the thin films. In addition, UV-Vis spectra show 

an intense absorption band at 410-420 nm which it is due to the LSPR of the 

spherical silver nanoparticles. However, a random distribution of the AgNPs 

nanoparticles with a partial aggregation as well as variable size and shape is 

observed in the AFM images (topographic distribution). 

According to these results, a precise control over nanoparticles size and 

distribution into the thin films is not easy to achieve with the in situ synthesis 

(ISS) process and as a result, only yellow or orange coloration is observed. To 

overcome this situation, a new methodology, known as Layer-by-Layer 

Embedding (LbL-E) deposition technique, will be proposed in Chapter 3. As a 

result, a greater degree control over silver nanoparticles (shape and size 

distribution) in the resultant films is observed and variable multicolor films are 

obtained, maintaining the initial aggregation state of the nanoparticles. 
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CHAPTER 3. Synthesis of multicolor silver nanoparticles 

and their incorporation into thin films using the Layer-

by-Layer Embedding (LbL-E) deposition technique 

In this chapter, the synthesis of AgNPs with different shape, size, 

aggregation state and coloration is studied. In addition, the evolution of 

their optical properties related to the wavelength position of the 

Localized Surface Plasmon Resonance (LSPR) is shown. Then, a further 

incorporation of the synthesized AgNPs into polyelectrolyte multilayer 

thin films using the Layer-by-Layer Embedding (LbL-E) deposition 

technique is presented. This is the first time that a study about the color 

formation based on AgNPs is investigated in LbL-E thin films preserving 

the original color of the AgNPs dispersions. 

3.1. Introduction to the synthesis of metal nanoparticles 

Metal nanoparticles are of great interest in a high number of disciplines 

because of their potential applications in diverse fields such as antibacterials 

[1-5], catalysis [6-10], chemical sensors [11-15], drug delivery [16-19], 

electronics [20], photochemistry [21, 22] or photonics [23-25]. Their special 

optical properties arise from Localized Surface Plasmon Resonance (LSPR) 

which occurs when the conduction electrons in metal nanostructures 

collectively oscillate, as a result of their interaction with an incident 

electromagnetic radiation [26-28]. One of the most relevant aspects of the 

synthesis of AgNPs is that their optical properties (resultant color) present a 

high dependence with their crystal morphology [29-31]. A monitoring of the 

evolution of the LSPR wavelength position by UV-Vis measurements and the 

corresponding color formation makes possible to obtain nanoparticles with a 

desirable shape and size [32-35].  

A wide variety of synthesis methodologies to obtain metallic nanoparticles 

are focused on a control of several parameters such as the shape, size, surface 

functionalization or interparticle distance which affect their final properties. A 

fine control of these parameters is a challenging goal, and a large number of 

reports have been published [36-48]. Among them, the synthesis routes based 

on the chemical reduction in organic solvents or in which polymers can act 

simultaneously as a stabilizer and reducing agent to obtain metal nanoparticles 

have been investigated [49-52]. However, the use of organic media and the 
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synthesis of polydisperse nanoparticles limit their use for some specific 

applications where monodisperse nanoparticles are required [53, 54]. 

It is not intended here to describe all the existing methods for the 

preparation of metallic nanoparticles. In fact, this work will be restricted to 

one of the most widely used methods based on chemical reactions in solution 

(known as wet chemistry). Alternative procedures for the synthesis of gold 

(AuNPs) or silver nanoparticles (AgNPs) are based on the use of water soluble 

polymers with the aim of achieving size-controlled nanoparticles. Wang and 

co-workers have obtained AuNPs in aqueous solution in the 1–5 nm size range 

with the use of poly (methacrylic acid) (PMMA) [55, 56]. Keuker-Baumann 

and co-workers reported a study about the formation of AgNPs with a high 

control and a characteristic plasmon band at 410 nm is observed using dilute 

solutions of long-chain sodium polyacrylates (NaPA) by exposing the solution 

to UV-radiation [57] where the coil size of the polymeric chains acts as a 

collector of silver cations (Ag
+
). Other researches have investigated the 

formation of AgNPs and intermediate clusters in polyacrylate aqueous 

solutions by chemical reduction of Ag
+
 using a reducing agent, gamma 

radiation or ambient light [58-61]. The use of polyacrylate anions with 

uncoordinated carboxylate groups enables to bind metallic cations such as 

silver (Ag
+
 salts) via a simple aqueous ion exchange procedure and a posterior 

chemical reduction step with a reducing agent, forming intermediate charged 

clusters [62-65]. 

In this work, the first part, section 3.2, is focused on the development of a 

chemical reduction method to synthesize both clusters and silver nanoparticles 

of different colors in aqueous polymeric solution at room temperature and in a 

short period of time with a well-defined shape. An experimental matrix 

(known as multicolor silver map) of 56 possible combinations as a function of 

variable molar ratios between both protective and reducing agents will be 

presented, enabling a wide range of colors (yellow, orange, red, violet, blue, 

green, brown), shapes and sizes [66]. Then, once metal nanoparticles have 

been synthesized, the second part of this work, section 3.3, is devoted to the 

incorporation of three types of these synthesized AgNPs (violet, green and 

orange coloration) into a polyelectrolyte multilayer thin film using the Layer-

by-Layer assembly. Henceforward, this process of incorporating the previous 

synthesized silver nanoparticles with a specific coloration and well-controlled 

shape into multilayer thin films will be called Layer-by-Layer Embedding 

(LbL-E) deposition technique. 

As was explained in Chapter 2, the Layer-by-Layer (LbL) is based on the 

alternating deposition of oppositely charged polyelectrolytes in water solution 

(polycations and polyanions) on substrates where the electrostatic interaction 

between these two components of different charge is the driving force for the 

multilayer assembly [67-71]. More details can be found in Appendix 2. In 
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addition, LbL assembly makes possible to incorporate the earlier mentioned 

nanoparticles into thin films due to the use of poly(acrylic acid, sodium salt) 

(PAA) as a protective agent which maintains unaltered the aggregation state of 

the AgNPs. However, previous LbL approaches are based on the in situ 

synthesis (ISS) of AgNPs into the polyelectrolyte multilayers via counterion 

exchange and a further chemical reduction, using weak or strong 

polyelectrolytes [72-80], without preserving the aggregation state of the 

nanoparticles. Although the film thickness of the polymeric matrix can be 

controlled by the number of bilayers deposited onto the substrate, a better 

control over particles size and distribution in the films is not easy to achieve 

with the in situ synthesis (ISS) and as a result, only yellow or orange 

coloration is observed. This aspect related to color formation based on the in 

situ synthesis (ISS) of AgNPs is also corroborated using other deposition 

techniques such as sol-gel or electrospining process [81-85]. 

In order to obtain a specific color in the resultant LbL films is necessary to 

have a greater control over distribution of the nanoparticles into the films, 

maintaining their aggregation state and preserving their agglomeration. All 

these aspects can be controlled with the Layer-by-Layer Embedding (LbL-E) 

deposition technique where AgNPs with a desired shape, size and color are 

successfully incorporated into multilayer thin films. To our knowledge, this is 

the first time that a study about the color formation in films based on AgNPs 

and preserving the original color of the precursor solutions containing the 

AgNPs is presented. 
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3.2. Synthesis of multicolor silver nanoparticles 

In this section, an analysis about the generation of multicolor silver 

nanoparticles will be presented. Then, the effect of both protective and 

reducing agents in the synthesis process will be evaluated. To our knowledge, 

this is the first time that an experimental study based on the influence of both 

PAA and DMAB molar concentrations to obtain colored silver nanoparticles 

and clusters has been reported in the literature. 

3.2.1. Preparation of the multicolor silver map 

A chemical reduction method at room temperature was performed using 

silver nitrate (AgNO3) as a loading agent, dimethylaminoborane (DMAB) as a 

reducing agent and poly(acrylic acid, sodium salt) (PAA) as a protective agent. 

In order to investigate the influence of both PAA and DMAB on the color 

formation, several concentrations of this water soluble polymer (from 1 mM to 

250 mM PAA) and reducing agent (from 0.033 mM to 6.66 mM DMAB) were 

prepared [66]. This synthesis process was repeated several times under the 

same experimental conditions (room temperature and storage), and no 

significant difference in the optical absorption spectra of the AgNPs was 

observed. 

The samples were prepared by adding freshly variable DMAB 

concentration (0.033, 0.066, 0.16, 0.33, 0.66, 1.66, 3.33 and 6.66 mM) to 

vigorous stirred solutions which contained different PAA concentration (1.0, 

2.5, 5.0, 10.0, 25.0, 100.0 and 250.0 mM) and constant AgNO3 concentration 

(3.33 mM). The final molar ratio between reducing and loading agent 

(DMAB:AgNO3 ratio) was 1:100, 1:50, 1:20, 1:10, 1:5, 1:2, 1:1 and 2:1. The 

final molar ratio between protective agent and loading agent (PAA:AgNO3 

ratio) was 0.3:1, 0.75:1, 1.5:1, 3:1, 7.5:1, 30:1 and 75:1. Once the reaction was 

completed, the color was stable without any further modification.  

In Figure 3.1, it is possible to appreciate the experimental matrix with a 

total number of 56 different combinations which were obtained when both 

PAA and DMAB molar concentrations have been varied. From these 56 

combinations, a wide range of AgNPs can be obtained with different colors 

(yellow, orange, red, violet, blue, green, brown) and tunable shape and size 

(corroborated by TEM micrographs). The synthesized AgNPs dispersions 

showed no changes of their optical absorption bands even after a year of 

storage at room conditions.   
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Figure 3.1. Photograph of the multicolor silver map obtained as a function of variable protective 

agent (PAA) and reducing agent (DMAB). 

3.2.2. Characterization of the silver map 

Transmission Electron Microscopy (TEM) was used to determine the 

morphology of both silver nanoparticles and clusters. TEM analysis was 

carried out with a Carl Zeiss Libra 120. Samples for TEM were prepared by 

dropping and evaporating the solutions onto a collodion-coated copper grid.  

UV-Visible spectroscopy (UV-Vis) was used to characterize the optical 

properties of the multicolor silver map. The measurements were carried out 

with a Jasco V-630 spectrophotometer. 
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3.2.3. Effect of the protective agent in the synthesis process 

One of the major findings of the present study was the significant influence 

of the PAA concentration on the final color of each sample. Due to its 

molecular structure with PA− in water solution, the binding of PA
−
 with metal 

cations (silver) was made possible, forming Ag
+
PA

−
 complexes wherein a 

posterior reduction of the silver cations to silver nanoparticles takes place [60-

65]. Moreover, PAA concentration plays a key role for the stabilization of 

silver nanoparticles and metal clusters along the polymeric chains, controlling 

their size and shape. In fact, the multicolor silver map of Figure 3.1 

demonstrates that with a lower PAA concentration (1 mM or 2.5 mM), stable 

silver nanoparticles are generated showing only yellow, orange and red colors. 

These AgNPs showed no changes in the spectral position of their optical 

absorption bands even after a year. Our study demonstrates that by increasing 

PAA concentration from 5mM to 250 mM, a wider range of colors (violet, 

blue, green, brown, orange) is obtained with a high stability in time. In fact, a 

higher range of blue colors is obtained for higher PAA concentration (25, 100 

or 250 mM), see Figure 3.1. This blue color has been reported in previous 

works using photochemical or chemical reduction [58, 59, 64], but no using 

DMAB as a reducing agent in the presence of various PAA concentrations. 

Figure 3.2 shows the UV-Vis spectra for different PAA concentrations, 

from 2.5 mM to 250 mM when the DMAB concentration was kept constant 

(0.33 mM) corresponding to the fourth column of Figure 3.1. It has been 

observed experimentally that 1 mM PAA for this DMAB concentration or 

higher DMAB concentration produces a complete precipitation of silver and 

no color formation is obtained. The UV-Vis spectra reveal the evolution of two 

spectral regions (region 1 the 400-500 nm band and region 2 the 600-700 nm 

band) as a function of PAA concentration. Initially, according to the yellow 

and orange color obtained for the lower PAA concentrations of 2.5 and 5 mM, 

an intense absorption band is obtained at short wavelengths with the 

wavelength of maximum absorbance located at 435 and 445 nm respectively 

(region 1). As PAA concentration is increased (10 mM), the absorption band 

in region 1 is decreased in intensity and is shifted to longer wavelengths with a 

change in the resulting color (brown, 10 mM) and at the same time a new 

absorption band appears in region 2 (600-700 nm), indicating the synthesis of 

silver nanoparticles of different shapes than the previously obtained with lower 

PAA concentration. In addition, when PAA molar concentration is increased 

from 25 to 250 mM, generation of new colors is achieved (blue or green) with 

an increase in the intensity of their absorption bands in the region 2, whereas 

simultaneously a gradual decrease in the intensity in the region 1 is observed. 
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Figure 3.2. UV-Vis absorption spectra of silver solutions for different PAA concentrations (2.5, 5, 10, 

25, 100 and 250 mM) at a constant DMAB concentration (0.33 mM). This plot corresponds to the 

fourth column of the multicolor silver map. 

Figure 3.3 was also plotted in order to show a clearer picture of the 

evolution of the optical absorption bands (region 1 and 2) when molar PAA 

concentration was increased. As can be deduced from this Figure, PAA plays a 

key role in the formation of the resulting color because it is clearly observed 

well defined positions of the maximum absorption bands as a function of the 

PAA concentration added to the solution. These changes in color from orange 

(lower PAA concentration with an intense absorption band in region 1) to blue 

(higher PAA concentration with an absorption band in region 2) can be 

controlled during the synthesis process as a function of PAA and DMAB 

added in the initial solution.  
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Figure 3.3. Evolution of the UV-Vis maxima absorption bands of the silver samples in region 1 and 

region 2 (400-500 nm and 600-700 nm respectively) prepared with different PAA concentration at a 

constant molar DMAB concentration (0.33 mM). 

The reason for the gradual absence of the plasmonic resonance band in the 

region 1 (around 410 nm) for higher PAA concentrations is  due to the gradual 

absence of silver nanoparticles with a spherical shape and the gradual 

appearance of silver nanoparticles with new shapes. This hypothesis is 

corroborated by the results obtained by TEM micrographs. As can be seen in 

Figure 3.4, variable PAA concentrations from 5 to 250 mM lead to the 

formation of new shapes (rods, cylinders, triangles, cubic, hexagons) with a 

considerable increase in the size with respect to the AgNPs obtained with 

lower PAA concentrations (1 or 2.5 mM) where only spherical shapes were 

observed.  

The results observed in Figure 3.4 reveal that varying PAA concentration 

induces a change in the corresponding shape and the size of the particles from 

100-300 nm (nanoparticles) with lower PAA concentrations (orange 

coloration) to 0.5-1 um (clusters) with higher PAA concentrations (brown, 

green or blue coloration). 
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Figure 3.4. TEM micrographs that show the formation of AgNPs with different shapes for different 

PAA concentrations (a) spherical shape for 2.5 mM PAA; (b) several shapes (triangle, rod, cube, bar) 

for 10 mM PAA; (c and d) hexagonal shapes for 100 and 250 mM PAA, respectively. The DMAB 

concentration was 0.33 mM. 

3.2.4. Effect of the reducing agent in the synthesis process 

In the previous Section 3.2.3, the influence of the PAA concentration in the 

synthesis process to obtain the metallic silver nanoparticles or clusters was 

investigated. Here, the reduction of silver cations (Ag
+
) at different reducing: 

loading agent molar ratios (DMAB: AgNO3) is studied.  

When the reducing agent (DMAB) is increased from 0.033 to 6.66 mM in 

the same mixture of AgNO3 and PAA, the maximum absorption band is 

shifted to shorter wavelengths (region 1). Figure 3.5 shows the UV-Vis 

absorption bands when the DMAB concentration is increased for a 25 mM 

PAA solution (fifth line in Figure 3.1). An increase of the reducing agent 
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DMAB produces an absorption band shift to shorter wavelengths. An intense 

absorption band at 410 nm is observed when the highest DMAB proportion 

(6.66 mM) is added to the mixture and an orange coloration is obtained, 

indicating the synthesis of Ag NPs with spherical shape (corroborated by TEM 

micrographs). 

 

Figure 3.5. UV-Vis spectra of silver solutions prepared with different DMAB concentrations at a 

constant PAA concentration of 25 mM (fifth line of the silver multicolor map of Figure 3.1). 

The spectra observed in Figure 3.5 reveal that the evolution of the 

absorption bands as a function of the DMAB added to the solution shows just 

the opposite behavior to the phenomenon observed when PAA was added (see 

Figure 3.2). The position of the maximum absorption bands shifts to shorter 

wavelengths when DMAB concentration was increased and the resulting 

colors are formed in a different order (from violet to orange) during the 

synthesis process.  



Chapter 3. Multicolor silver nanoparticles and Layer-by-Layer Embedding 43 

According to the results observed in Figure 3.5, the evolution of both 

regions demonstrated that an absorption band at long wavelengths (region 2) is 

obtained in the first steps of color formation (violet or blue) with lower DMAB 

molar in the solution. However, when this DMAB molar is increased, the 

maximum absorption band shifts at shorter wavelengths (region 1) with the 

corresponding change of color (green or brown). Furthermore, when higher 

DMAB molar is added to the solution (only orange color), a new intense 

absorption band appears at 410 nm which is indicative of formation of silver 

nanoparticles with a spherical shape. These same spectral absorption variations 

in both regions have been observed with higher PAA concentrations (100 or 

250 mM, respectively). In Figure 3.6 it is possible to appreciate the UV-Vis 

spectra corresponding to 250 mM PAA and variable DMAB molar 

concentration. 

Figure 3.6. UV-Vis spectra of silver solutions prepared with different DMAB concentrations at a 

constant PAA concentration of 250 mM (seventh line of the silver multicolor map of Figure 3.1). 

Similarly to what was made in the preceding Section 3.2.3, the Figure 3.7 is 

plotted in order to show a clearer picture of the evolution of the optical 

absorption bands in both regions (region 1 and 2) when the molar 
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concentration of  DMAB is increased for a constant molar PAA concentration 

of 25 mM. In this Figure 3.7, it is easy to identify the increase in absorbance of 

region 2 from 0.033 to 0.33 mM DMAB. Conversely, from 0.33 to 6.66 mM 

DMAB, the absorbance in region 2 is decreased. However, the absorbance of 

region 1 always increases with the DMAB concentration. In view of these 

results, the influence of the DMAB concentration in the color of the 

synthesized AgNPs is also clear. 

 

Figure 3.7. Evolution of the UV-Vis maxima absorption bands of the silver samples in region 1 and 

region 2 (400-500 nm and 600-700 nm respectively) prepared with different DMAB concentrations at 

a constant molar PAA concentration (25mM). 

Figure 3.8 shows TEM micrographs of the synthesized silver nanoparticles 

and clusters with different DMAB molar ratios in the presence of 25 mM 

PAA, and in all cases, different shapes can be obtained. Initially, specific 

shape (triangle or hexagonal) were obtained when lower DMAB molar (0.066 

or 0.16 mM respectively) was added (Figure 3.8a and 3.8b). However, these 

shapes and the resultant color dramatically changes (brown or orange color) 

when higher DMAB molar (0.66 and 3.33 mM) was added to the solution. The 

final position of their maximum absorption bands (UV-Vis spectroscopy) at 

410 nm and the resultant orange color indicates the excitation of the Localized 

Surface Plasmon Resonance (LSPR) of spherical shapes (Figure 3.8d).  
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Figure 3.8. TEM micrographs show the formation of AgNPs with different shapes for different 

DMAB concentrations (a) triangle shape with 0.066 mM DMAB; (b) hexagonal shape with 0.16 mM 

DMAB; (c) quasispherical shape with 0.66 mM DMAB; (d) spherical shape with 3.33 mM DMAB. 

The PAA concentration was 25 mM. 

An important aspect observed in this study is the same shape evolution (rod, 

triangle, hexagonal and spherical) for different PAA concentration when 

DMAB molar is gradually increased. Figure 3.9 shows similar evolution in the 

resulting shapes as a function of DMAB molar added in the presence of 10 

mM PAA. Initially, rod or triangle shapes are observed for lower DMAB 

molar (0.033 and 0.066 mM), but a change in the shape to hexagonal or 

spherical are observed when DMAB molar is increased (0.66 or 6.66 mM 

respectively).  
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Figure 3.9. TEM micrographs show the formation of AgNPs with different shapes for different 

DMAB concentrations (a) rod shape with 0.033 mM DMAB; (b) triangle shape with 0.066 mM 

DMAB; (c) hexagonal shape with 0.66 mM DMAB; (d) spherical shape with 6.66 mM DMAB. The 

PAA concentration was 10mM. 

To sum up, UV-Vis spectra are congruent with the nanoparticles shapes and 

sizes observed in the TEM micrographs. In these spectra, firstly an absorption 

band is obtained in the region 2 (600-700 nm) corresponding to rod, triangle or 

hexagonal shapes and secondly, this absorption band is displaced to shorter 

wavelength in the region 1 (400-500 nm), appearing an intense absorption 

band at 410 nm due to the synthesis of spherical nanoparticles.  
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3.2.5. Other considerations 

A relevant aspect of this work is the synthesis of silver reddish 

nanoparticles in the presence of 2.5 mM PAA because this color is not 

obtained with lower or higher PAA concentrations. In figure 3.10 (left), it is 

possible to appreciate the evolution of the maximum absorption band (UV-Vis 

spectroscopy) when variable DMAB molar is added to the solution. It is worth 

noting that the intensity of the peak corresponding to red solution is broader 

than yellow or orange solution, indicating a considerable increase and 

aggregation in the number of synthesized silver nanoparticles. The maximum 

absorption band of this reddish solution is gradually shifted to lower 

wavelength (425 nm) in comparison with orange (435 nm) or yellow (445 nm) 

solution. These colors (yellow, orange or red), the position of their maximum 

absorption bands in the region 1 (400-500 nm) and the absence of absorption 

bands in region 2 (600-700 nm) indicate the complete synthesis of 

nanoparticles with a spherical shape which it is corroborated by TEM image 

(Figure 3.10, right). 

 

 

Figure 3.10. UV-Vis absorption spectra of silver solutions prepared with different DMAB 

concentrations at a constant PAA concentration of 2.5 mM (left); TEM micrograph of the reddish 

sample (0.66 mM DMAB) with aggregation of spherical nanoparticles (right). 

3.2.6. Conclusions of the multicolor silver map 

The fine control of two parameters in the AgNPs synthesis, PAA and 

DMAB molar concentration, makes possible the selection of the color of the 

AgNPs solutions, from violet to red, as well as the shape (spherical, rod, 

triangle, hexagonal, cube) and size (from nanometer to micrometer) of the 

nanoparticles. In Figure 3.11, a summary of the results obtained in the 
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multicolor silver map is presented as a function of the molar variation of PAA 

and DMAB. These synthesized AgNPs are unique in the sense that prior 

studies using different encapsulating agents to synthesize silver nanoparticles 

indicate that only an orange coloration is obtained without any color variation. 

In addition, the resultant AgNPs dispersions showed an excellent long-term 

stability since no changes in the position of their absorption bands have been 

observed after more than one year of storage at room conditions, corroborated 

by UV-Vis spectroscopy.  

To our knowledge, this is the first time that an experimental matrix showing 

multicolor silver nanoparticles solutions with well-defined shape and size 

using both protective agent (PAA) and reducing agent (DMAB) has been 

reported in the bibliography. 

 

Figure 3.11. Evolution of the color formation, shape, size and region of the absorption bands as a 

function of PAA and DMAB molar concentration of the multicolor silver map. 
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3.3. Incorporation of silver nanoparticles into thin films 

using the Layer-by-Layer Embedding (LbL-E) deposition 

technique 

In previous section 3.2, an analysis to obtain silver nanoparticles or clusters 

with a wide range of colors (violet, blue, green, brown, yellow, red, orange), 

sizes (from nanometer to micrometer) and shapes (cubic, rod, triangle, 

hexagonal, spherical) was presented by means of a fine control of protective 

(PAA) and reducing agent (DMAB) molar concentrations.  

In this section, the incorporation of these previously synthesized silver 

nanoparticles with a specific coloration (violet, green and orange) into 

polyelectrolyte multilayer thin films using the Layer-by-Layer Embedding 

(LbL-E) deposition technique is presented. The aim of this section is to 

fabricate colored thin films which have the same coloration than initial AgNPs 

dispersions obtained in the previous section. The immobilization of AgNPs 

with different shape and size into thin films would open up a new interesting 

perspective to fabricate multicolor nanocomposites based on AgNPs. 

3.3.1. Layer-by-Layer Embedding (LbL-E) deposition technique 

This deposition technique is based on a first step of synthesis of AgNPs 

with a desired shape using PAA as a protective agent (PAA-AgNPs) and then, 

a second step, where the Layer-by-Layer Embedding (LbL-E) deposition 

technique of the previously synthesized AgNPs into a thin film is performed.  

Silver nanoparticles have been synthesized at room temperature via 

chemical reduction process of an aqueous solution of silver precursor (silver 

nitrate, AgNO3) with an aqueous solution of dimethylamine borane complex 

(DMAB) which acts as a reducing agent, as was previously explained in 

Section 3.2. In this synthesis process, the reduction of silver ions (Ag
+
) to 

silver nanoparticles (Ag
0
) is possible thanks to the use of a protective agent, 

poly(acrylic acid, sodium salt) (PAA) which can control the shape/size of the 

resultant nanoparticles and prevent their agglomeration or precipitation.  

In this synthetic route for preparing the AgNPs, the protective agent used 

(PAA) is of vital importance in a further incorporation of the nanoparticles 

into a thin film using the Layer-by-Layer Embedding (LbL-E). This is due to 

the presence of free carboxylate groups at a suitable pH which are used to 

build the sequentially multilayer film in the LbL assembly. To perform this 

deposition technique, the electrostatic attraction between monolayers of 

opposite charge such as the cationic polyelectrolytes (PAH) and the anionic 

polyelectrolytes with the nanoparticles incorporated (PAA-AgNPs), makes 
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possible to obtain a thin multilayer film with a structure homogeneous, 

resistant and compact. The final coloration of the thin films can be tuned as a 

function of several parameters such as, the initial color of the AgNPs 

dispersions, the number of bilayers added or the pH of the dipping solutions. 

In Figure 3.12, a schematic representation of the LbL-E deposition technique 

is shown for an incorporation of AgNPs with spherical shape (orange color). 

However, the LbL-E process can be performed for AgNPs with a different 

shape, size and coloration, as it will be demonstrated in the following sections. 

 

Figure 3.12. A schematic representation of the AgNPs synthesis (orange coloration; spherical shape) 

and a further progressive incorporation into thin films using the Layer-by-Layer Embedding (LbL-E) 

deposition technique. 

3.3.2. Characterization 

UV-Visible spectroscopy (UV-Vis) was used to characterize the optical 

properties of the multicolor silver nanoparticles and the resultant coatings 

obtained by LbL-E deposition technique. Measurements were carried out with 

a Jasco V-630 spectrophotometer.  

Transmission electron microscopy (TEM) was used to determine the 

morphology (shape and size) of the silver nanoparticles obtained in aqueous 

solution. This TEM analysis was carried out with a Carl Zeiss Libra 120. 



Chapter 3. Multicolor silver nanoparticles and Layer-by-Layer Embedding 51 

Samples for TEM were prepared by dropping and evaporating the solutions 

onto a collodion-coated copper grid.  

Atomic force microscope (AFM) in tapping mode (Innova, Veeco Inc.) has 

been used in order to show the distribution of the AgNPs, thickness evolution 

of the films obtained by the LbL-E deposition technique.  

3.3.3. Fabrication of orange colored films using the LbL-E 

Initial experiments for the fabrication of colored thin films have been done 

at a specific concentration of PAA (10 mM, fourth line of the silver map of 

Figure 3.1) in order to compare the results with the in situ synthesis (ISS) of 

the AgNPs, obtained in chapter 2, where both weak polyelectrolytes (PAH and 

PAA) have been deposited at this concentration (10 mM). In addition, the 

same pH value (pH 9.0), number of bilayers and effect of the temperature have 

been investigated using the LbL-E deposition technique. 

Silver nanoparticles are prepared by adding freshly reducing agent 

(dimethylamine borane, DMAB) to a stirred solution which contained 10 mM 

PAA concentration and constant AgNO3 concentration (3.33 mM). The final 

molar ratio between reducing and loading agent (DMAB:AgNO3 ratio) is 1:1. 

The final molar ratio between protective agent and loading agent 

(PAA:AgNO3 ratio) is 3:1. Once the reaction was completed, the color was 

stable without any further modification. In Figure 3.13, the orange PAA-

AgNPs synthesized and their further incorporation into thin films using the 

LbL-E deposition technique is shown. As was previously commented, the 

molar concentrations of both polyelectrolytes, PAH and PAA-AgNPs, are 10 

mM and the pH value of the dipping solutions is 9.0. 

 

Figure 3.13. Synthesis of silver nanoparticles (AgNPs) with an orange coloration and a further 

incorporation into thin films using LbL-E as a function of the number of bilayers deposited. 
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It is worth noting that UV-Vis spectrum corresponding to the PAA-AgNPs 

shows an intense absorption band around 430 nm, as can be seen in Figure 

3.14. One of the important properties of the metallic nanoparticles (i.e. silver) 

is the coherent oscillations of the metal electrons in resonance with light of a 

certain frequency called Localized Surface Plasmon Resonance (LSPR) [28-

31]. The presence of this resonant absorption band at a desired wavelength 

depends on strongly of the particle size and shape [32-35], as was explained in 

Section 3.2. For this synthetic route of AgNPs, the orange coloration of the 

solution and the location of the band at this specific wavelength position (430 

nm) indicate us that AgNPs with a spherical shape have been successfully 

synthesized.  

 

Figure 3.14. UV-Vis spectroscopy of silver nanoparticles (PAA-AgNPs) and the spherical shape with 

variable size obtained by TEM image (scale bar of 200 and 500 nm, respectively). 

Once silver nanoparticles (AgNPs) with a spherical shape have been 

synthesized, a further incorporation of them into thin films using the LbL 

Embedding (LbL-E) deposition technique is performed. As was previously 

commented, the use of the PAA with its free carboxylate groups at a desired 

pH (pH 9.0) makes possible the binding with cationic polyelectrolytes such as 

PAH, being the electrostatic attraction between monolayers of opposite charge 

(cationic and anionic) the main force to obtain the thin films. In addition, in 

this specific synthetic process, it can be observed an increase of the orange 

coloration of the LbL-E films when the number of bilayers is increased from 
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10 to 40 bilayers (see Figure 3.13). These results of a better definition of the 

orange coloration when a higher number of bilayers are deposited indicate a 

higher incorporation of the spherical silver nanoparticles into the LbL-E films. 

In Figure 3.15, UV-Vis spectra of the LbL-E films as a function of the number 

of bilayers deposited are shown. A better definition in intensity of the LSPR 

band at 430 nm is observed when a higher number of bilayers are deposited. 

 

Figure 3.15. UV-Vis spectra of the orange multilayer films obtained by LbL-E deposition technique 

for different number of bilayers (10, 20, 30 and 40). 

The influence of the temperature in these LbL-E films has been also 

evaluated. The coatings have been thermally treated at 150 ºC for two hours to 

improve the mechanical stability of the films and promote a chemical crosslink 

between the polymeric chains of both polyelectrolytes, PAH and PAA, as was 

explained in chapter 2. In addition, it is important to remark that higher values 

of temperature (i.e. melting point) produce a total evaporation of the polymeric 

chains (PAH and PAA) and so, the only contribution of the silver 

nanoparticles will be observed in the films.  

In Figure 3.16, UV-Vis spectra of the LbL-E films after a thermal treatment 

of 150 ºC are shown as a function of the number of bilayers deposited (from 

10 to 40 bilayers). In all the cases of study, an increase in intensity of the 

LSPR absorption bands has been observed in the UV-Vis spectra after this 

thermal treatment. This can be due to a better proximity of the synthesized 
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silver nanoparticles (AgNPs) into the LbL-E films after the thermal treatment 

and as a result, a higher value in intensity related to the LSPR band [83].  

 

Figure 3.16. UV-Vis spectra of the orange multilayer films obtained by LbL-E deposition technique 

for different number of bilayers (10, 20, 30 and 40) after a thermal treatment (150 ºC). 

In Figure 3.17, it is shown a comparison between the number of bilayers 

deposited (from 10 to 40 bilayers) and the maximum intensity at the LSPR 

wavelength position at room temperature and after thermal treatment (150 ºC). 

As was previously commented, a higher intensity of the LSPR absorption 

bands is observed when a higher thickness (number of bilayers) is deposited 

onto the substrate. This result is due to a higher number of AgNPs have been 

incorporated into the LbL-E films when the number of bilayers is increased 

during the fabrication process. In addition, the thermal treatment of the LbL-E 

films induces higher values in intensity at the LSPR wavelength position for 

all the cases of study (from 10 to 40 bilayers), as was also observed in the in 

situ synthesis of the AgNPs in Chapter 2 (section 2.3). The main reason of this 

increase in intensity of the LSPR absorption band can be due to the partial 

thickness reduction (see Table 3.1) after thermal treatment, and as a result the 

better proximity of the AgNPs. 
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Figure 3.17. Evolution LSPR absorption bands at room temperature and after thermal treatment. 

Table 3.1. Average evolution thickness as a function of the number of bilayers added. 

 

 

In this section, it has been demonstrated the possibility of obtaining orange 

colored LbL-E thin films due to the succesive incorporation of orange AgNPs 

during the fabrication process which was corroborated by UV-Vis spectra and 

the visual appearance of the films (glass slides). However, the possibility of 

obtaining multicolored films as a function of the initial colored AgNPs has not 

yet been studied. In the next section, the fabrication of multicolored thin films 

using the LbL-E deposition technique will be presented.   
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3.3.4. Fabrication of multicolored thin films using the LbL-E 

In order to obtain multicolored thin films, the LbL-E corresponding to 

PAA-AgNPs for a concentration of 25 mM has been selected. The main reason 

of this decision is due to a wide range of colors with a better definition for 

PAA 25 mM (fifth line of silver map) in the same experimental conditions 

have been obtained in comparison with PAA 10 mM (fourth line), as can be 

seen in Figure 3.1. This section will be divided in several subsections such as, 

the preparation of the multicolor AgNPs, effect of the pH, fabrication of the 

multicolored LbL-E thin films and their thickness evolution.  

3.3.4.1. Synthesis of silver nanoparticles of the multicolor map 

Multicolor silver nanoparticles have been prepared by adding freshly 

variable DMAB concentration (0.033, 0.33 and 3.33 mM) to vigorously stirred 

solution which contained constant PAA (25 mM) and AgNO3 concentrations 

(3.33 mM). This yields a molar ratio between the protective and loading agent 

([PAA]/[AgNO3] ratio of 7.5:1. The final molar ratios between the reducing 

and loading agents ([DMAB]/[AgNO3] ratio) were 1:100, 1:10 and 1:1. 

In Figure 3.18, it is possible to appreciate three different colors obtained 

(violet, green and orange) using PAA as an encapsulating agent (PAA-AgNPs) 

when DMAB concentration is increased (from 0,033 mM to 3.33 mM).  

 

Figure 3.18. UV-Vis spectra of the multicolored silver nanoparticles (violet, green and orange) as a 

function of variable DMAB concentration (0.033, 0.33 and 3.33 mM). 
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Initially, the mixture of 25mM PAA with AgNO3 is colorless (control), but 

after the addition of 0.033 mM of DMAB, the mixture turns quickly to violet 

with a plasmonic absorption peak with a maximum centered at 600 nm. When 

DMAB concentration is increased (0.33 mM), the sample changes from violet 

to green. The absorption band distribution in the UV-Vis spectrum was altered 

significantly. The initial absorption band was increased significantly, and it 

was also shifted toward longer-wavelengths (at 650 nm). Furthermore, a new 

absorption band was found at 480 nm related with the coexistence of different 

AgNPs aggregation states or shapes. Finally, when DMAB concentration is 

increased to 3.33 mM, the solution turned to orange color and only an intense 

absorption band around 440 nm was observed, indicating the complete 

synthesis of spherical silver nanoparticles. The evolution of these absorption 

bands in two well separated regions (region 1 for the 400- 500 nm and region 2 

for the 600-700 nm) has been discussed in the previous section 3.2. 

These changes in the UV-vis spectra (colors) are related to changes in the 

shape, size and aggregation state of the AgNPs. In order to corroborate this 

hypothesis, TEM micrographs (500 nm and 2 µm) of the different samples 

(PAA-AgNPs) were performed (see Figure 3.19). 

 

Figure 3.19. TEM micrographs of the multicolored silver nanoparticles at different scale (500 nm and 

2 µm). (a,d) rod shape (violet coloration); (b,e) hexagonal shape (green coloration); (c,f) spherical 

shape (orange coloration). 

According to the results observed in Figures 3.18 and 3.19, when molar 

DMAB concentration added in the reaction mixture is low, violet coloration 

([DMAB]/[AgNO3]=0.01) or green coloration ([DMAB]/[AgNO3] = 0.1) is 
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obtained with a typical long-wavelength absorption band (600-700 nm). In 

addition, a new absorption band at 480 nm can be observed for green 

coloration, which it corresponds to complexes of small positively charged 

metal clusters and polymer ligands of the polyacrylate anions (PAA) [59-61]. 

However, other authors report that the presence of two distinct plasmon bands 

could be related to transverse and longitudinal electron oscillations when the 

synthesized metal nanoparticles show a slight variation from spherical 

geometry [29, 30]. And finally, when molar DMAB concentration is increased 

([DMAB]/[AgNO3] = 1), an orange coloration with an only intense absorption 

band at 440 nm is observed. In addition, it has been also found that AgNPs 

with a specific shape and size (see Figure 3.19) can be perfectly obtained. 

Nanorods of variable size are synthesized for violet coloration. Additionally, 

clusters with a hexagonal shape (from 0.5-1 μm) mixed with spherical particles 

of nanometric size are found for green coloration. And spherical nanoparticles 

with a variable size are observed for orange coloration. 

These results corroborate that the excess of free Ag
+ 

cations immobilized 

into the polyelectrolyte chains of the PAA respect to the reducing agent, plays 

a key role in the synthesis process, yielding different nanoparticle size 

distributions and aggregation states. It is important to remark that changes in 

the plasmonic absorption bands (resultant color) basically depend on the 

relationship between the aggregation state of the nanoparticles (even in the 

cluster formation) and the final shape/size of the resultant nanoparticles. A 

control of all these parameters is the key to understand the color formation in 

the resultant films. In Table 3.2, a summary of the different AgNPs dispersions 

as well as molar concentration [DMAB]/[AgNO3], their corresponding shapes 

and sizes are shown for a constant PAA concentration (25mM) is shown. 

Table 3.2. Characteristics of the PAA-AgNPs dispersions reported in previous sections 
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3.3.4.2. Effect of the pH in the colored PAA-AgNPs dispersions 

An important consideration of this work is the pH value of the AgNPs 

solutions when the deposition process is performed. As can be seen in Figure 

3.20, keeping PAA-AgNPs at pH 7.0 or higher pH values plays a key role in 

order to preserve the aggregation state of the nanoparticles during the synthesis 

process with a good control of the resultant color without any further 

precipitation. However, when the pH of the dipping solutions (PAA-AgNPs) is 

lowered below 7.0, a change of the coloration is observed in all the 

experiments. An increase in opacity and a further precipitation with a complete 

loss of color (transparent solutions) at low pH values (pH 4.0 or lower) of the 

PAA-AgNPs are obtained. Due to these changes concerning to the resultant 

coloration as a function of the pH for PAA-AgNPs, the reason of choosing pH 

7.0 or higher values is the base to obtain the multicolored LbL-E films. 

 

Figure 3.20. Variation of the multicolored silver nanoparticles (PAA-AgNPs) as a function of the pH 

value for violet (file A), green (file B) and orange coloration (file C). 

Once multicolored silver nanoparticles (AgNPs) have been successfully 

synthesized and the pH value has been evaluated, the next step is the 

incorporation of them in a polyelectrolyte multilayer film using the LbL-E 

deposition technique. The main goal is to get coatings with the similar 

coloration that the initial colored PAA-AgNPs solutions (violet, green and 

orange).  
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3.3.4.3. Experimental conditions of the LbL-E deposition technique 

Aqueous solutions of PAH and PAA-AgNPs with a concentration of 25 mM 

with respect to the repetitive unit were prepared using ultrapure deionized 

water (18.2 MΩ·cm). The pH was adjusted to 7.5 by the addition of a few 

drops of NaOH or HCl. The LbL-E deposition technique was performed by 

sequentially exposing the glass slide (substrate) to cationic polyelectrolyte 

poly(allylamine hydrochloride) (PAH) and anionic polyelectrolyte PAA 

loaded with the silver nanoparticles previously synthesized (PAA-Ag NPs) 

with an immersion time of 5 minutes. A rinsing step of 1 minute in deionized 

water was performed between the two polyelectrolytes baths and a drying step 

of 30 seconds was performed after each rinsing step. The combination of a 

cationic monolayer with an anionic monolayer is called bilayer.  

3.3.4.4. Fabrication of the multicolored LbL-E films 

The effect of the pH of the dipping solutions is the key to understand the 

color formation in the films. During the fabrication process, a pH of 7.5 for 

both PAH and PAA-AgNPs is chosen to fabricate the LbL-E thin films. In 

addition, the fundamental element to obtain the multilayer buildup is the 

presence of ionized groups of these weak polyelectrolytes, which they are 

responsible for the electrostatic assembly and the spatial control of the 

previously silver nanoparticles distribution (colored PAA-AgNPs) in the 

multilayer LbL-E films when the number of bilayers is increased.   

In Figure 3.21, a detail of the evolution of the absorption bands (UV-Vis 

spectra) and their corresponding color formation during the LbL-E deposition 

technique for both PAH and PAA-AgNPs (orange coloration) is shown as a 

function of the number of bilayers added to the film. From these results, it can 

be said that a successful deposition of orange colored LbL-E films was 

obtained when the number of bilayers was increased. This result related to 

orange coloration of the LbL-E films was previously obtained for lower molar 

concentrations of both polyelectrolytes (10 mM PAH and PAA-AgNPs) as can 

be seen in Figure 3.13. A LSPR absorption peak centred at 430 nm grows as a 

function of the number of bilayers deposited onto glass slides via LbL-E 

deposition technique (10, 20, 30 and 40 bilayers, respectively). The increase of 

both intensity of the absorption band at 430 nm and the orange coloration of 

the LbL-E films during the fabrication process (higher number of bilayers), is 

the result of a successful incorporation of spherical AgNPs into the thin films. 

The next step will be to incorporate violet silver nanoparticles in the LbL-E 

thin films. In Figure 3.22, the evolution of the absorption bands corresponding 

to PAH and PAA-AgNPs (violet) is studied for the same number of bilayers. 
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Figure 3.21. UV-Vis spectra of the orange multilayer films obtained by LbL-E deposition technique 

for different number of bilayers (10, 20, 30 and 40) and photographs of the coatings.  

 

Figure 3.22. UV-Vis spectra of the violet multilayer films obtained by LbL-E deposition technique 

for different number of bilayers (10, 20, 30 and 40) and photographs of the coatings. 
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According to the results observed in Figure 3.22, an increase of the 

absorption peak from 10 bilayers to 40 bilayers at a specific wavelength 

position is observed. The location of this absorption band, which is higher in 

intensity when the thickness of the coating is increased, maintains the same 

position that initial synthesized violet silver nanoparticles (PAA-AgNPs) at 

600 nm (see Figure 3.18). In view of these results, UV-Vis spectra reveal 

identical absorption peaks for both LbL-E deposition technique and the 

synthesized PAA-AgNPs (violet solution), which it means that silver 

nanoparticles with a specific shape (mostly rods) have been successfully 

incorporated into the multilayer films. 

In Figure 3.23, the evolution of the absorption bands corresponding to the 

coating of PAH and PAA-AgNPs (green) during LbL-E is shown. The UV-Vis 

spectra of the resulting coatings at different number of bilayers confirm the 

existence of two absorption peaks during the multilayer assembly, one at 620 

nm typical of green AgNPs which is lower in intensity and the other one, 

higher in intensity at 440 nm. For this case, it is possible to appreciate a 

difference in the UV-Vis spectra between the LbL-E films and the previously 

green colored PAA-AgNPs (see Figure 3.18). 

 

Figure 3.23. UV-Vis spectra of the green multilayer films obtained by LbL-E deposition technique 

for different number of bilayers (10, 20, 30 and 40) and photographs of the coatings. 

The presence of a higher and broader absorption band at 440 nm can be due 

to an agglomeration and higher number of the AgNPs inside of the thin film 
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and the presence of AgNPs with different shape (not only hexagonal shape). 

This approach is corroborated by the final coloration of the resultant coatings 

where a light orange coloration instead of clearly green coloration is observed. 

A possible reason of this spectral change (color) in comparison with 

previously green PAA-AgNPs could be associated to the reduction of the 

metal clusters with a partial positive charge by the amine groups [85-88] of the 

PAH during the LbL assembly.  

However, this hypothesis has not been confirmed for the violet coloration 

(Figure 3.22) when the number of bilayers onto glass slides was continuously 

increased, so we can conclude that a reduction by the amine groups of PAH 

and a further in situ generation of the spherical AgNPs is not observed. 

According to the results, the presence of the absorption band at 440 nm is 

associated to the incorporation of AgNPs with less size (mostly spherical 

nanoparticles) during the fabrication process (observed by TEM images), 

whereas the absorption band at 620 nm is lower in intensity because of a more 

difficult incorporation of higher size particles (metal clusters with hexagonal 

shape) in the multilayer LbL-E films for a total number of 40 bilayers. As 

conclusion, a selective absorption process is observed and as result, the partial 

orange coloration of the resultant films is due to a higher presence of spherical 

AgNPs in comparison with hexagonal clusters.  

3.3.4.5. Thickness evolution of the colored LbL-E thin films 

In previous sections, a study of the position of the absorption bands with 

their corresponding intensities and the aspect in coloration of the LbL-E films 

has been analyzed to understand the incorporation of the multicolor AgNPs. 

However, to create a template of well-defined coloration, the thickness of the 

resulting films to incorporate the AgNPs also plays a key role, which can be 

controlled by two parameters, pH value of the polyelectrolyte solutions (PAH 

and PAA-AgNPs) and the number of bilayers added onto glass slides [89-92].  

When the pH of the dipping solutions is 7.5, both PAH and PAA-AgNPs 

are adsorbed as fully charged polyelectrolytes and very thin films are obtained. 

For a total of 40 bilayers, the final average thickness is varied from 185.2 nm 

(PAH/PAA-AgNPs violet coating), 223.3 nm (PAH/PAA-AgNPs orange 

coating) to 293.4 nm (PAH/PAA-AgNPs green coating). In table 3.3, a 

summary of the thickness evolution related to these multicolored LbL-E thin 

films is presented for a specific number of bilayers added.  
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Table 3.3. Average evolution thickness of the multicolored LbL-E films (violet, green and orange) for 

a pH deposition of 7.5 as a function of the number of bilayers added. 

 

The evolution of the thickness for different number of bilayers (10, 20, 30 

and 40, respectively) with their corresponding error bars in this pH regime 

(7.5) is shown for each LbL-E film in Figure 3.24. 

 

Figure 3.24. Evolution thickness of the PAH/PAA-AgNPs multilayer assemblies (violet, green, 

orange) for different number of bilayers (10, 20, 30 and 40) with their error bars. 
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As was previously commented, the effect of the pH of the dipping solutions 

plays a key role in order to understand the thickness contribution in the LbL-E 

films. In Table 3.1, when the pH of the dipping solutions is 9.0, the PAA 

polymeric chains are adsorbing in their fully ionized state whereas PAH 

polymeric chains at this pH start to lose protons and become less ionized. This 

combination of layer totally ionized (PAA) with a layer partially ionized 

(PAH) results in thicker coatings. However, when the pH of the dipping 

solutions is 7.5, both polyelectrolytes PAH and PAA are adsorbing as fully 

charged species and as a result, thinner coatings are obtained (see Table 3.3). 

This aspect related to thickness contribution of the polymeric chains of both 

PAH and PAA, has been corroborated in literature [90, 91]. More specifically, 

the [PAH/PAA] at pH 7.5 contributes with a thickness of 0.5 nm/bilayer, 

whereas [PAH/PAA] at pH 9.0 contributes with a resultant thickness of 10.7 

nm/bilayer [90]. As conclusion, the pH-dependent bilayer behavior is 

demonstrated for two pH values, 7.5 and 9.0, making possible to obtain thin 

films with variable thickness as a function of the degree of ionization of the 

polymeric chains PAH and PAA controlled by the pH, and the number of 

bilayers incorporated during the LbL-E deposition technique [93]. 

According to these results observed in Tables 3.1 and 3.3, the resultant 

thickness of the LbL-E films depends strongly on degree of ionization of the 

weak polyelectrolytes (pH of both PAH and PAA) and the number of bilayers. 

In addition, the color of the LbL-E films depends on the shape and size of the 

AgNPs incorporated. Obviously, in all the cases of study, the final coloration 

(intensity of the LSPR bands) will increase when a higher number of AgNPs 

are incorporated during the LbL-E process (thicker coatings). 

3.3.4.6. Morphological aspect of the multicolored LbL-E thin films 

In order to show the final aspect and morphologies of the LbL-E thin films, 

AFM images of [PAH(7.5)/PAA-AgNPs(7.5)]40 have been performed. In all 

the cases of study, the polymeric chains of the weak polyelectrolytes are 

predominant in the outer surface, whereas the visible AgNPs show a random 

distribution in the outer surface of these LbL-E films. In Figure 3.25, the light 

spots in height images (a, c, f) are the AgNPs observed in the outer surface 

which have been incorporated during the fabrication process. These AFM 

images correspond to a [PAH(7.5)/PAA-AgNPs(7.5)]40 coating (violet, orange 

and green color) and the resultant films show a high uniformity with a smooth 

roughness. In order to show the presence of these AgNPs in the LbL-E thin 

films, a thermal curing of 450 ºC was applied to the LbL-E films with the idea 

of a complete evaporation of the polymeric chains (PAH and PAA) and so, the 

contribution of the AgNPs can be appreciated in the LbL-E films. 
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Figure 3.25. AFM images in tapping and phase mode of a coating of [PAH(7.5)/PAA-AgNPs(7.5)]40 

(a,b) violet coloration; (c,d) orange coloration and (e,f) green coloration. 

In Figure 3.26, AFM images corresponding to 10, 20, 30 and 40 bilayers of 

[PAH(7.5)/PAA-AgNPs(7.5)] (violet color) after a thermal curing of 450 ºC 

are shown. According to the AFM images, when the thickness coating is lower 

(10 bilayers), it is possible to appreciate how well-separated AgNPs are 

incorporated into the LbL-E films. However, when the thickness is gradually 

increased, a higher number of AgNPs are being incorporated into LbL-E films. 

In addition, after this thermal treatment, the total evaporation of the polymeric 

chains induces an agglomeration of the AgNPs without preserving their 

distribution along the LbL-E, as can be observed in Fig. 3.26 b, c, d). 
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Figure 3.26. AFM images (tapping mode, 25x25 µm) of [PAH(7.5)/PAA-AgNPs(7.5)] (violet color) 

(a) 10 bilayers; (b) 20 bilayers; (c) 30 bilayers and (d) 40 bilayers, after thermal curing of 450 ºC.  

In order to show an incorporation of AgNPs with a specific shape during the 

LbL-E deposition technique, AFM images in tapping mode with a smaller scan 

were performed. In Figure 3.27, AgNPs with nanorod shape (violet coloration) 

can be perfectly observed after the thermal curing of 450 ºC (a). The nanorods 

showed an approximated size of 200 nm (b). 

 

Figure 3.27. AFM image (tapping) of [PAH(7.5)/PAA-AgNPs(7.5)] (violet coloration) (a) scan 

0.5x0.5 µm, nanorods distribution; (b) scan 0.2x0.2 µm, nanorod size, after thermal curing of 450 ºC. 
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In Figure 3.28, AFM images related to a coating based on PAA-AgNPs 

dispersions with a green coloration, AFM images reveal that the coating is 

composed of nanoparticles with a higher size (b) mixed with spherical 

nanoparticles (b), as was commented in previous sections (corroborated by 

TEM images and UV-Vis spectra). The LbL-E related to a coating of 40 

bilayers showed a light orange coloration instead of green coloration due to a 

selective absorption process of the nanoparticles of lower size (spherical) and 

as result, partial orange coloration is observed. The AFM image corroborates 

this aspect where both spherical and particles of higher size (clusters) are 

being embedded during the LbL-E deposition technique.  

 

Figure 3.28. AFM image (tapping) of [PAH(7.5)/PAA-AgNPs(7.5)] (green coloration) (a) scan 

1.0x1.0 µm, clusters mixed with spherical nanopartilcles; (b) scan 0.3x0.3 µm, spherical shape, after 

thermal curing of 450 ºC. 

3.3.4.7. Final aspect of the multicolored LbL-E thin films 

As a conclusion of the previous sections, in order to entrap AgNPs with a 

higher size (mostly hexagonal clusters of 0.5-1 µm) into the LbL-E thin films, 

a higher number of bilayers during the fabrication process (80 bilayers), and 

consequently, a higher thickness of the resultant films, promote a better 

definition of the color, mostly in the green coloration. For this specific case, a 

better entrapment of both initial clusters (hexagons with higher size) with 

nanometric spherical AgNPs in the multilayer assembly is observed due to a 

clearer green coloration instead of light orange (observed in Section 3.3.4.4).  

In Figure 3.29, [PAH(7.5)/PAA-AgNPs(7.5]80 coatings have been fabricated 

in order to show clearly the final coloration of the films onto glass slides as a 

function of the initial synthesized multicolor silver nanoparticles (PAA-

AgNPs). In all the cases, LbL-E films with an orange (a), green (b) and violet 

(c) coloration are shown. In Figure 3.29d, the visual appearance of all the LbL-

E thin films (orange, green and violet) indicate us the possibility of obtaining 

the multicolored thin films with a better definition of the resultant color when 
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a high number of the AgNPs with a specific shape and size are incorporated 

during the fabrication process. 

 

Figure 3.29. Final aspect of the multicolored LbL-E thin films [PAH(7.5)/PAA-AgNPs(7.5)]80        

(a) orange coloration; (b) green coloration; (c) violet coloration and (d) all together multicolored LbL-

E thin films (orange, green and violet coloration). 

Finally, UV-Vis spectra of the LbL-E thin films prepared with this thickness 

(80 bilayers) is shown in Figure 3.30. The spectra reveal that the position of 

the absorption bands is the same than previous spectra (Figure 3.21, 3.22 and 

3.23) but with a considerable increase in intensity of the absorption peaks due 

to a higher number of the metallic silver nanoparticles that have been 

incorporated into the multilayer film. Therefore, when the thickness is 

increased, it is possible to corroborate the presence of the same aggregates 

species or AgNPs than the original colloidal solutions (PAA-AgNPs). In other 

words, when the thickness is increased, the final coloration of the resultant 

LbL-E films (orange, green and violet) is similar than the color of the original 

colloidal PAA-AgNPs solutions. These results of coloration as a function of 

number bilayers indicate that a higher thickness leads to a better incorporation 
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of higher size aggregates (clusters) in the resultant LbL-E films, as it has been 

confirmed for the green coloration.  

This is the first time that a study about colored AgNPs synthesis and their 

further incorporation into multicolored LbL-E thin films (orange, green and 

violet) has been investigated. 

 

Figure 3.26. UV-Vis spectra of the multicolored LbL-E thin films of [PAH(7.5)/PAA-AgNPs(7.5]80 

(orange, green and violet coloration) in comparison with initial colored PAA-AgNPs solutions. 
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3.4. Conclusions 

In this chapter, two complementary studies are presented. The first work 

deals with the synthesis of multicolor silver nanoparticles or clusters as a 

function of variable protective (PAA) and reducing (DMAB) molar 

concentration with a constant molar concentration of silver cations (AgNO3), 

using a water-based chemical reduction method. The second study is about the 

incorporation of these multicolored AgNPs or aggregates into LbL-E films 

with the goal of keeping the same coloration that initial AgNPs dispersions. 

It has been demonstrated that a fine control of both PAA and DMAB molar 

concentration makes possible to obtain a wide range of colors with a specific 

shape, size and aggregation state. Initially, only yellow, orange or red 

coloration is obtained with lower PAA concentration (1.0 or 2.5 mM PAA), 

whereas violet, blue, green, brown or orange coloration are obtained with 

higher PAA concentration (from 5 to 250 mM). In addition, a study of the 

evolution of their maximum absorption bands in two well-separated spectral 

regions (region 1, the 400-500 nm and region 2, the 600-700 nm bands) has 

been evaluated. 

Two experimental series were performed, firstly when PAA concentration 

varies (from 1 to 250 mM) for a constant DMAB concentration (0.33 mM) 

and, secondly when DMAB concentration varies (from 0.033 to 6.66 mM) for 

a constant PAA concentration (25 mM). The results indicate that for higher 

PAA or lower DMAB molar concentrations an absorption band at longer 

wavelengths (region 2) appears, which implies violet, blue or green solutions 

of AgNPs with rod, triangle and hexagonal shape respectively. On the other 

hand, for lower PAA or higher DMAB concentrations, an intense absorption 

band at shorter wavelengths (region 1) appears, which implies orange-red 

solutions of AgNPs of spherical shape.  

In Table 3.4, a summary of the different AgNPs dispersions with their 

corresponding color formation, shapes, sizes and absorption bands in a specific 

region is presented. A specific molar concentration of reducing agent (DMAB) 

respect to the Ag
+ 

cations ((DMAB/AgNO3) and the weak polyelectrolyte 

nature of the protective agent (PAA/AgNO3) makes possible to achieve 

nanoparticles or clusters with different shapes, sizes and aggregation states.  
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Table 3.4. Summary of the multicolor silver map (regions, shape, size) as a function of variable molar 

concentration of protective (PAA) and reducing (DMAB) agents. 

 

With respect to the incorporation of three different colored AgNPs 

dispersions (violet, green and orange) into LbL-E thin films, several steps were 

taken. In order to obtain the proper coloration of the LbL-E films, a study 

about the influence of the number of PAH/PAA-AgNPs bilayers (10, 20, 30, 

40 and 80, respectively), the position of the absorption bands (UV-vis spectra) 

and the pH value of the weak polyelectrolytes (pH 7.5 or 9.0) solutions was 

performed. It was experimentally observed that a pH value of 7.0 or higher pH 

values of the PAA-AgNPs dispersions is the key to preserve the aggregation 

state of the AgNPs without any further precipitation or loss of coloration.  

The incorporation of these AgNPs with a specific shape was corroborated 

for LbL-E violet coating where nanorods have been succesfully embedded 

within the LbL-E films. These nanorods were present in the initial PAA-

AgNPs dispersion which it is indicative that after the fabrication process is 

preserved the original color, shape and size of the nanoparticles.  

In addition, when the size of the nanoparticles is higher, even cluster 

formation (green PAA-AgNPs dispersion), a better definition of the coloration 

in the LbL-E films is observed when a higher number of bilayers are added 

because of a better entrapment of both clusters and nanometric spherical 

nanoparticles. In this case a selective absorption process of the nanoparticles 

of lower size (spherical) is observed when less number of bilayers are added, 

and as a result light orange coloration instead of green coloration is observed 

because of the mostly presence of spherical nanoparticles. However, a drastic 

color change is observed when the number of bilayers is increased up to 80 

bilayers, where a green coloration is obtained as a result of incorporation of 

hexagonal clusters into the LbL-E films. To our knowledge, this is the first 

time that colored PAA-AgNPs of different size and shape are synthesized and 

incorporated later into LbL-E, preserving the original color of the dispersions. 
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CHAPTER 4. Implementation of nanostructured coatings 

based on silver nanoparticles as antibacterial surfaces 

In this chapter, the fabrication of low-cost and highly efficient 

antibacterial surfaces is presented. These coatings based on the 

immobilization of silver nanoparticles (AgNPs) have been fabricated 

using the in situ synthesis (ISS) process and the Layer-by-Layer 

Embedding (LbL-E) deposition technique. All the coatings were tested 

with gram-positive bacterial cultures (Lactobacillus plantarum). The 

implementation of these coatings opens the door in the design of novel 

materials as antibacterial surfaces. 

4.1. Introduction  

In previous chapters, silver nanoparticles (AgNPs) have been incorporated 

into thin films using two alternative methods, the in situ synthesis (ISS) 

process and the Layer-by-Layer Embedding (LbL-E) deposition technique. In 

this chapter, a specific property related to the AgNPs will be studied, their 

antimicrobial activity. This property of the AgNPs makes possible the 

fabrication of antibacterial films, being of great interest in optical fiber sensors 

when are placed in high humidity environments in order to prevent the growth 

of microorganisms onto the sensor coating. 

Microbes and bacteria are the most abundant of all living organisms and a 

large number of them are pathogens and disease-causing organisms. Because 

of this, there is a high concern in preventing the emergence of germs in 

products which are directly or indirectly used by humans. Consequently, to 

avoid the apparition of these microorganisms in instrumentals, devices, labs or 

operating rooms, there is an enormous interest among researchers about 

developing highly efficient and low-cost antibacterial surface treatments and 

coatings [1-4]. 

It is well known that silver is considered a very good antibacterial agent and 

silver ions show a notorious broad spectrum biocide effect. In fact, there are 

several known biological mechanisms that explain why silver shows an 

extraordinary toxicity for bacteria [5-10]. Moreover, silver is particularly 

attractive because it combines a high bacterial killing efficiency with a low 

toxicity for humans [11-18]. Its disinfectant properties for hygienic and 

medicinal purposes are known since ancient times, and for example it has been 

extensively used to prevent wound infection since World War I [19]. 
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Most of the approaches for achieving antibacterial surfaces are based on 

doping some elements with silver particles which act as silver ions source, for 

example, in textiles [20, 21], surgical instruments [22], and other surfaces [23]. 

The biocide efficiency of such coatings depends on the ability of the trapped 

silver to release ions. Consequently, silver particles with a high specific area 

show more efficient ion release mechanisms and therefore the antibacterial 

effect is enhanced. Some authors have reported how silver nanoparticles, 

nanorods, or nanotubes are especially efficient antibacterial agents because of 

their large surface to volume ratio [24-30]. In the most usual approach, such 

silver nanoparticles have been immobilized on inorganic porous hosts such as 

zeolites, calcium phosphate, and carbon fiber [31-33]. Moreover, silver-

supported silica materials, such as silica glass [34], silica thin films [35], and 

silica nanoparticles [36], are also good candidates for antibacterial materials 

due to their fine chemical durability and high antibacterial activity. Other 

authors have proposed other efficient approaches based on alternative biocide 

mechanisms that not involve AgNPs such as the contact with quaternary amine 

compounds [37-39], phosphonium salts [40] or titanium oxide particles [41]. 

There is a wide variety of coating techniques that have been used for 

fabricating antibacterial coatings, such as PVD [42], spin-coating [43], or 

electrospinning [44-47]. However, specific experimental conditions and 

expensive equipment are required to obtain the films [48-50] onto a desired 

substrate. 

Recently, the use of nanotechnology has made possible the fabrication of 

new nanostructured coatings with an extremely high specific surface area. In 

addition, the use of eco-friendly green chemistry or water based methods to 

make nanomaterials could be a good alternative for fabricating thin films 

because of their low cost and the possibility of being upscalable. Among the 

different thin film fabrication techniques, the sol-gel process [51-59] and the 

Layer-by-Layer (LbL) assembly [60-69] will be used due to their simplicity, 

flexibility, versatility and the possibility of obtaining organic-inorganic hybrid 

materials, such metal nanoparticles (silver) and polymeric chains. 

In this work, we report the immobilization of silver nanoparticles (AgNPs) 

into thin films, using the two methods which were previously presented, in situ 

synthesis (ISS) process in Chapter 2 [4, 47], and the Layer-by-Layer 

Embedding (LbL-E) deposition technique  in Chapter 3 [70]. In all the cases of 

study, the surfaces were tested against a specific type of bacteria which are 

gram positive (Lactobacillus plantarum), showing a very good antibacterial 

behavior against this type of bacteria. The high biocide efficiency of such 

AgNPs loaded thin films could be of great interest in applications where 

bacteria could grow onto the films damaging the device or becoming a risk for 

health. One of these applications could be high Relative Humidity sensors, 

http://www.nanoscalereslett.com/content/6/1/305#B11
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since it is well known that bacteria are prone to grow onto organic films in 

good conditions of temperature and hydratation. 

4.2. Experimental section 

4.2.1. Materials 

A non-pathogen gram-positive bacteria was chosen to carry out the 

antibacterial tests. The gram-positive membrane characteristic was chosen to 

elucidate more precisely the behavior of other gram-positive pathogen bacteria 

and bacilli such as Staphylococcus aureus, Streptococcus pneumonia, 

Clostridium tetani, or even Bacillus anthracis. More precisely Lactobacillus 

plantarum were obtained from CECT (The Spanish Type Culture Collection 

University from Valencia). These bacteria are gram-positive, rod, aerotolerant 

and belong to risk group I.  

Tryptic Soy Broth (TSB) and Tryptic Soy Agar were provided from the 

company Sigma Aldrich. 

4.2.2. Fabrication of the thin films 

The thin films were fabricated using the two methods presented in previous 

chapters 2 and 3, respectively. Firstly, the in situ synthesis (ISS) process of 

silver nanoparticles from a source of silver ions. And secondly, the Layer-by-

Layer Embedding (LbL-E) deposition technique of silver nanoparticles with an 

orange coloration is performed.   

It is important to remark that thin films with the higher number of L/R 

cycles in the in situ synthesis process (4 cycles of L/R) as well as thin films 

with the higher number of bilayers ([PAH(9.0)/PAA-AgNPs(9.0]40) in the 

LbL-E deposition technique have been tested as antibacterial surfaces. 

4.2.3. Bacteriologic test method 

The antibacterial activity of the nanostructured coatings based on AgNPs 

against the Lactobacillus plantarum bacteria was assessed by a viable cell-

counting method [4, 46, 68, 71]. L. plantarum was inoculated in a Tryptic Soy 

Broth aqueous medium and incubated at 37ºC for 24 hours. The obtained 

bacterial suspension had approximately 4.8·10
8
 Colony Formation Units per 

milliliter (CFU/mL).  
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The bacterial suspension was shaken and diluted 10
6
 times. “Tryptic Soy 

Agar” was autoclaved at 121ºC for 30 minutes and cooled in sterile Petri-

dishes to form a 3 mm thick slab. Then, 0.1 mL bacterial suspension dilution 

was spread uniformly on the surface of the nutrient agar slab. The substrates 

coated with AgNPs (ISS and LbL-E) were then placed onto the agar slab. Bare 

glass slides were also placed as reference control (previously disinfected by 

dipping in isopropyl alcohol and treated by contact flame) by the same way. 

Then, Petri-dishes were introduced into an incubator for 24 hours at 37ºC and 

the colonies were counted. To measure the effect of an antimicrobial film, the 

percentage of cell reduction between the control sample and the test sample is 

calculated according to the Equation 4.1. 

 

 
 

 
1001% 










mlCFUControl

mlCFUSampleTest
reductionCell        Eq. 4.1 

 

A coating is considered biocide if the cell reduction is higher than 99% [72]. 

4.3. Antibacterial results of the nanostructured thin films 

4.3.1. In situ synthesis (ISS) of the silver nanoparticles  

In Figure 4.1, the UV-Vis spectrum as well as the final aspect of the thin 

film based on the in situ synthesis (ISS) of silver nanoparticles into the hybrid 

matrix is presented. As it was previously commented in Chapter 2, the 

existence of an absorption peak at 410 nm which is related to the LSPR of the 

AgNPs with a spherical shape and the resultant change of coloration from 

transparent to golden-yellowish after the 4 L/R cycles is indicative that AgNPs 

have been successfully synthesized into the sol-gel hybrid matrix and 

deposited onto the glass slide substrate, being coherent with experimental 

results obtained in Chapter 2. 
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Figure 4.1. UV-Vis spectroscopy of the in situ synthesis (ISS) of the silver nanoparticles (AgNPs) 

into hybrid sol-gel matrix for 4 dips Loading/Reduction (L/R) and the aspect of the thin film. The 

LSPR maximum was observed around 410nm. 

The antibacterial activity against Lactobacillus plantarum of the coating can 

be observed in Figure 4.2 where it is shown the antibacterial results of two 

samples placed on agar slabs after 24 hours. Figure 4.2a shows a reference 

substrate (bare glass slide) and it is clearly seen that a higher number of 

Lactobacillus plantarum colonies (white spots) grow up randomly throughout 

the whole agar slab. However, Figure 4.2b has a coated area based on the in 

situ synthesis of silver nanoparticles where there is no growth of colonies, 

whereas a growth of colonies can be clearly observed in the uncoated area as it 

happens in the reference substrate. In addition, Figure 4.2b shows an inhibition 

zone around the coated area where bacterial growth was not observed, 

indicating the high killing efficiency of the coating. All the experiments were 

performed by triplicated and the treated surfaces reached more than 99.9% of 

killing efficiency. 
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Figure 4.2. Bacteria growth on culture plates after 24 hours: (a) reference substrate (bare glass slide); 

(b) coated substrate based on silver nanoparticles into a hybrid sol-gel matrix. The coated area is 

clearly visible, as far as it inhibits the bacteria growth (no white spots of bacteria colonies).  

This same procedure was performed for the in situ synthesis (ISS) using as 

a host matrix of the AgNPs a coating obtained by the Layer-by-Layer (LbL) 

assembly instead of sol-gel process. In this case, a more intense LSPR band 

than in the case of the sol-gel process was observed. This implies that a higher 

amount of AgNPs have been incorporated into the LbL polymeric thin film 

during the fabrication process. 

Finally, the results indicate that the coatings exhibited an excellent behavior 

against Lactobacillus plantarum, showing a killing effieciency higher than 

99.9%. As conclusion of both results of the ISS obtained by sol-gel process 

and LbL assembly, the coatings showed a high kill efficiency to be considered 

biocide surfaces. 

4.3.2. Layer-by-Layer Embedding (LbL-E) deposition technique 

In Figure 4.3, the UV-Vis spectrum as well as the final aspect of the thin 

film based on the LbL-E of the silver nanoparticles with an orange coloration 

is presented. The location of the LSPR peak at 430 nm indicates that AgNPs 

have been successfully incorporated into the LbL thin film, which is perfectly 

coherent with the results obtained in Chapter 3.  

In Figure 4.4, the antibacterial behavior against Lactobacillus plantarum is 

shown. In order to corroborate that the killing efficiency is due to the only 

presence of AgNPs into the thin films, two different kind of coatings have 

been tested. The first one corresponds to a reference substrate based on LbL 

polymeric thin film of [PAH(9.0)/PAA(9.0)]40 and the second one corresponds 

to the LbL-E coating of [PAH(9.0)/PAA-AgNPs(9.0)]40. It can be observed 

that in the reference substrate (Figure 4.4a), bacteria growth was observed in 

the whole agar slab and the coated area also showed a random distribution of 
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the bacteria (white spots). However, the LbL-E coating based on AgNPs 

(Figure 4.4b) showed no bacteria growth in the coated area (yellowish-orange 

color), whereas the uncoated area (transparent) clearly showed a growth of 

bacteria colonies in the glass slide. The killing efficiency of the coating is 

higher than 99.9% which is considered as a biocide surface. 

 

Figure 4.3. UV-Vis spectroscopy of the LbL-E of the silver nanoparticles (orange coloration) and the 

aspect of the LbL-E thin film after the deposition process. The LSPR maximum is observed at 430nm, 

which is coherent with the LSPR band of the previously synthesized AgNPs. 

 

Figure 4.4. Bacteria growth on culture plates after 24 hours: (a) reference substrate (only polymeric 

LbL coating); (b) coated substrate based on silver nanoparticles (LbL-E of orange nanoparticles). The 

orange coated area is clearly visible, as far as it inhibits the bacteria growth (no white spots). 
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These results corroborate that both methods based on the incorporation of 

silver nanoparticles into thin films, in situ synthesis (ISS) process and LbL-E 

deposition technique respectively, showed great results as biocide surfaces. In 

addition, this antibacterial behavior is even observed when a lower intensity 

related to LSPR band is obtained as it happens for the ISS process using as 

host matrix a sol-gel coating (see Figure 4.1 and 4.2). 

4.4. Conclusions  

In this chapter, the design and development of novel antibacterial surfaces is 

presented using two different methods such as, in situ synthesis (ISS) of silver 

nanoparticles and the Layer-by-Layer Embedding (LbL-E) deposition 

technique of orange nanoparticles. These methods have been extensively 

discussed in previous chapters and it has been demonstrated how silver 

nanoparticles have been successfully incorporated into the thin-films. The 

great advantages of these methods are their low-cost fabrication, easy 

implementation, simplicity and versatility.  

All the coatings have been tested against Lactobacillus plantarum (gram 

positive bacteria) and the results reveal high killing efficiency (higher than 

99% in all cases) against the bacteria in comparison with reference substrates 

where a random distribution and growth of bacteria colonies were observed. In 

addition, it is important to remark that the coated areas with both processes 

showed an inhibition zone around them, indicating the high biocide effect of 

the coatings by the presence of the silver nanoparticles. 

To sum up, both approaches for obtaining biocide surfaces can be used for 

different applications in a wide range of fields like in buildings, 

pharmaceutical tools or other instrumental devices, and humidity sensor 

coatings operating near tropical environmental conditions, as it will be shown 

in the following chapter.  
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CHAPTER 5. Optical fiber humidity sensors based on 

Localized Surface Plasmon Resonance (LSPR) and Lossy 

Mode Resonance (LMR) 

In previous chapters, different methodologies for synthesizing silver 

nanoparticles and their incorporation into thin films have been 

reported. Additionally, their antibacterial behavior has been 

demonstrated. In this chapter, optical fiber sensors based on silver 

nanoparticles are shown and their potential applications as humidity 

sensors. A study about the different types of electromagnetic resonances 

generated onto an optical fiber core as a function of the characteristics 

of the silver nanoparticles and thickness coating will be studied here. 

Finally, it is presented for the first time the fabrication of an optical 

fiber humidity sensor based on the simultaneous observation of 

Localized Surface Plasmon Resonance (LSPR) and Lossy Mode 

Resonance (LMR). 

5.1. Introduction to electromagnetic resonances  

In the last years, surface plasmon resonance (SPR) is one of the most widely 

studied optical resonant phenomena for sensing. Since the first demonstration 

of SPR for the study of processes at the surfaces of metals and sensing gases in 

the early 1980s [1,2], a large number of structures based on this optical 

phenomenon have been described in terms of both development of the 

technology and its applications for detection of chemical and biological 

species [3]. The SPR phenomenon consists in a resonant coupling between an 

incident electromagnetic wave and the surface of a metallic-thin film, where 

some of the energy of the light is transferred to the surface free electrons of the 

metal, causing an electronic wave at the metal-dielectric interface. This energy 

transfer only occurs under certain resonant conditions between the wavalenth 

and the angle of incidence of the light and the thickness and refractive index of 

the dielectric medium. This results in the apparition of a sharp absorption peak 

in the transmitted light. A change in the refractive index of the dielectric 

medium will produce a wavelength shift of this resonant peak [4,5]. This 

phenomenon has been applied in the design and fabrication of sensors for 

different applications because SPR coupling condition is extremely sensitive to 

variation in the properties of the surrounding medium and metal layer [6-11]. 
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First studies about SPR generation used a prism to excite surface wave 

(known as Kretschmann configuration) [6]. However, this prism-based SPR 

sensing setup presents several shortcomings, such as a big size, presence of 

fragile mechanic parts or the impossibility for remote sensing applications. To 

overcome these limitations, the use of optical fiber instead of a prism is 

developed by Jorgenson and Yee [12] where it is possible to combine the 

typical advantages of optical fiber (small size, low weight or immunity to 

electromagnetic interference) with the possibility excellent sensitivity of this 

sensing SPR-device [13-15]. Due to this, numerous optical fiber sensors based 

on SPR phenomenon have been reported [16-28]. However, this kind of 

devices presents some limitations. On one hand, SPR phenomenon can be only 

produced by TM polarized light and it is necessary a specialoptical fiber which 

maintains the polarization to obtain a sharp absorption peak in the transmitted 

light. On the other hand, all the SPR-devices are limited to the use of specific 

metals that can fulfill the SPR condition. The most used materials are noble 

metals, especially gold or silver, because their SPR resonances show sharp and 

intense attenuation bands in the visible region of the spectrum.  

It is important to remark what happens with the SPR phenomenon when the 

metallic medium is confined into a nanoparticle. In this case, the charge-

density oscillation does not affect only to the nanoparticle surface, but the 

whole nanoparticle electronic distribution is altered. Therefore the Localized 

Surface Plasmon Resonance (LSPR) is in fact a particularization of the classic 

SPR phenomenon for the case of metallic nanoparticles suspended into a 

particular dielectric medium like a fluid or a coating [29-41]. LSPR has also 

been used for the creation of optical sensors [42, 43], nevertheless they show 

additional issues such as the short range of sensitivity of the change of 

refractive index around the nanoparticle (4-5 nm), and the small wavelength 

shifts observed in operation.  

Very recently, an alternative resonant phenomenon has been reported, 

named Lossy Mode Resonance (LMR). This LMR presents very different 

characteristics which can overcome the some of the previously described 

limitations of the SPR-sensor devices [44-46]. One of these advantages is that 

LMR can be generated by using a broader range of supporting materials, not 

only electrically conductive materials as in the SPR and LSPRoptical sensors. 

Another important advantage is that the LMR-devices allow the generation of 

resonances with standard optical fiber because these LMR are generated by 

both, TE and TM, light polarizations. Furthermore, dramatically higher 

wavelength shifts have been observed using LMR technology. Due to these 

advantages, a considerable increase of publications based on LMR-devices has 

been reported in recent works during the last four years [47-52]. 

Both phenomena will be presented and analyzed in this chapter. The 

differences between LMR and LSPR will be theoretically and experimentally 
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explained. Those phenomena will be studied for the particular case of an 

optical waveguide coated with a thin-film loaded with silver nanoparticles 

(AgNPs). Finally, practical applications as humidity sensing devices based on 

these electromagnetic resonances will be presented, emphasizing their great 

importance in the field of optical fiber sensors. This is the first time that both 

LSPR and LMR phenomena are reported in the bibliograghy in a same device 

which could yield self-referenced optical sensors, as it is discussed in the 

following sections. 

5.2. Lossy Mode Resonances (LMR) and Localized Surface 

Plasmon Resonance (LSPR) for sensing applications  

When an ultrathin coating is deposited onto an optical waveguide (see 

Figure 5.1), the propagation of the light is affected at a specific wavelength 

range. If the refractive index of the resulting coating has an imaginary part 

different to zero, it introduces losses that can produce electromagnetic 

resonances. According to this, three different cases of electromagnetic 

resonances can be distinguished as a function of the materials involved in the 

system (optical waveguide, coating and external medium): 

a) The first case occurs when the real part of the thin-film permittivity is 

negative and higher in magnitude than both its own imaginary part and 

the permittivity of the material surrounding the thin film (i.e. the 

optical waveguide and the surrounding medium in contact with the 

thin film). In this case, coupling occurs between light propagating 

through the waveguide and a surface plasmon, which is called Surface 

Plasmon Polariton (SPP). This phenomenon produces a resonance 

called Surface Plasmon Resonance (SPR). 

 

b) The second case occurs when the real part of the thin-film permittivity 

is positive and higher in magnitude than both its own imaginary part 

and the permittivity of the material surrounding the thin film. Some 

authors consider these modes as long-range guided modes [31], 

whereas others call them lossy modes [32, 33]. In this work, they will 

be called lossy modes to make a difference between them and the rest 

of guided modes. These lossy modes will produce the second type of 

resonances: the Lossy Mode Resonance (LMR). 

 

c) The third case occurs when the real part of the thin-film permittivity is 

close to zero, while the magnitude of its imaginary part is large [31]. 

This case, known as long-range surface exciton polariton (LRSEP), 

falls beyond the scope of this study and will no longer be studied. 
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Figure 5.1. Schematic representation of the optical system used to obtain electromagnetic resonances. 

The permittivity of a material can be expressed in terms of its complex 

refractive index (N=n+jk) according to Eq. 5.1. 

 nkjknjknNj 2)( 2222    (5.1) 

In Table 5.1, a summary of these conditions in terms of its permittivity is 

presented. 

Table 5.1. Summary of the conditions needed to obtain the three different types of electromagnetic 

resonances with the system represented in Figure 5.1 in terms of its permittivity. 
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As was previously commented, this thesis is based on the synthesis of 

AgNPs and a further incorporation into a polymeric or hybrid matrix obtained 

by Layer-by-Layer assembly or sol-gel process. The physical phenomenon of 

SPR changes when the metallic material is distributed into nanoparticles 

instead of a thin-film onto the optical waveguide. For this specific case, the 

phenomenon is called Localized Surface Plasmon Resonance (LSPR). 

According to the scope of this work which is devoted to the synthesis of 

metallic silver nanoparticles (AgNPs), consequently the focus is placed in the 

fabrication and design of LSPR-sensors instead of SPR-devices.  

Another important consideration is that LSPR sensors have been deeply 

studied during the last two decades and the number of publications related to 

this optical phenomenon is higher than LMR. Moreover, although initial 

publications related to LMR are based on theoretical studies about the light 

propagation through semiconductor-cladded waveguides [44, 45], there is an 

increase of publications based on experimental studies as sensing devices 

(basically optical fiber refractometers), using semiconductor materials [53-62]. 

The characteristics of these materials are adequate for generation of lossy 

modes. In these cases, the attenuation maxima of the light propagating through 

the waveguide are obtained for specific thickness [63, 64]. This effect is 

produced as a consequence of a coupling between a waveguide mode and a 

particular lossy mode of the semiconductor thin film.  

In this chapter, both LSPR and LMR phenomena will be separately 

analyzed in sensing devices, thanks to the synthesis and incorporation of silver 

nanoparticles (AgNPs) in a polymeric coating fabricated onto the optical fiber 

core, using the two different synthetic methodologies, in situ synthesis (ISS) 

and Layer-by-Layer Embedding (LbL-E) of the AgNPs. Finally, an optical 

fiber humidity sensor based on the simultaneous observation LSPR and LMR 

will be experimentally demonstrated for the first time, emphasizing the 

advantages of using this device in terms of a dual-reference as well as their 

response to fast changes of Relative Humidity (RH) such as human breathing. 
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5.3. Optical fiber configuration and propagation of light 

through a thin-film coated optical fiber core 

To characterize the electromagnetic resonances (LSPR or LMR), an optical 

fiber transmission setup was used. The cladding of a segment of 2 cm of the 

optical fiber was removed. This uncladded segment is where the sensitive 

coatings will be created and will be called “sensitive region”. The setup 

consists of a halogen lamp as white light source and a spectrometer connected 

at the opposite end of the fiber in order to collect the light after passing 

through the sensitive region in which a thin-film was deposited, see Figure 5.2 

(top). The light passes through the sensitive region which is located between 

the light source and the spectrometer. This region is where the optical fiber 

core is coated with AgNPs loaded polymeric thin film. Such film will generate 

different kind of resonances depending on its fabrication parameters.  A detail 

of the cross and longitudinal section of this sensitive region is shown in Figure 

5.2 (down). 

 

Figure 5.2. Optical fiber configuration used to characterize the electromagnetic resonances (top); 

detail of the cross and longitudinal section of the sensitive region coated with a supporting coating 

(LSPR or LMR) (down). The cladding of the optical fiber was chemically removed.  
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5.4. Optical fiber humidity sensors based on LSPR 

The LSPR resonant condition is strongly affected by the composition, size, 

shape, aggregation state or the surrounding environment of the metallic 

nanoparticles. Moreover, the location of the LSPR in the visible region of the 

electromagnetic spectrum as a function of these plasmonic properties, mostly 

related to the synthesis of silver or gold nanoparticles, make possible the 

design of LSPR-based devices.  

In this section, we propose the synthesis of silver nanoparticles (AgNPs), 

and their incorporation into thin films using the Layer-by-Layer Embedding 

(LbL-E) deposition technique. The central wavelength of the resonant peak 

(LSPR) depends on multiple factors such as nanoparticle size, shape and 

interparticle interaction. Moreover, these nanoparticles (AgNPs) have been 

widely used in antibacterial surfaces because silver ions show a notorious 

broad spectrum biocide effect. More specifically, silver is particularly 

attractive because it combines a high toxicity for bacteria with a low toxicity 

for humans [65-76].  

In fact, this dual behavior of the AgNPs, generation of the LSPR in the 

visible region and a very good antibacterial agent, makes AgNPs an adequate 

candidate in sensing devices where the growth of microorganisms can affect 

the final behavior of the sensor. This is the case of a high humidity ambient 

because the bacteria are very likely to grow at these conditions, and enabling 

an incorrect monitoring of the system. Due to this, AgNPs can avoid the 

growth of the bacteria and, at the same time, it is possible to monitor the 

changes of Relative Humidity (RH) as a function of the plasmon resonance 

position. 

5.4.1. Fabrication of the thin-films onto the sensitive region 

A 2 cm segment of uncladded optical fiber core (sensitive region) is coated 

using the LbL-E deposition technique, as it was commented in Chapter 3. It is 

initially used the LbL-E because it allows the monitorization and control of the 

coating thickness with a high accuracy during the fabrication process. 

To perform this process, layers of opposite-charged materials are alternated. 

Electrostatic attraction between cationic and anionic layers makes the resultant 

multilayer structure homogeneous and compact [77, 78]. Here, PAH is used as 

polycation and PAA-AgNPs (orange coloration) [79] is used as polyanion. The 

final yellowish-orange coloration of the thin films indicates that AgNPs with a 

spherical shape has been successfully incorporated into the films, as it was 

previously commented in Chapter 3 (section 3.3) [80]. 
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It is important to remark that the polymeric structure (PAH/PAA) shows a 

shighly hydrophilic behavior that makes it sensitive to changes in the relative 

humidity. The PAH/PAA structure changes its effective refractive index when 

it absorbs/desorbs water from the environment. Furthermore the thickness and 

roughness of the (PAH/PAA) LbL coatings can be accurately adjusted [81-83] 

(see also Appendix 2) and let us tailor its overall properties as desired. This 

makes LbL films ideal to characterize and understand the evolution of the 

optical measurements collected from the following optical sensors. 

5.4.2. Device characterization 

The experimental setup used to perform the analysis is shown in Figure 5.3. 

This setup consists of a white halogen lamp connected to one end of the 

optical fiber and a CCD-based UV-VIS spectrometer (OceanOptics HR4000) 

connected to the other end of the fiber. This combination of optical source and 

detector allows us to show transmitted spectra in the wavelength range from 

350 to 1000 nm. This study will focus on this specific interval because the 

LSPR position corresponding to the synthesized AgNPs is obtained in this 

specific region of wavelength, specifically at 430-440 nm (yellowish-orange 

color). The optical fiber (FT silica/TEQS, Thorlabs Inc.) has 200/225 μm of 

core/cladding diameter and it is made of fused silica.  

 

 

Figure 5.3. Experimental setup used to obtain and characterize the LSPR in the visible region. 
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Light passes through the sensitive region, which it is located between the 

light source and the detector. Transmitted light is affected by the new 

boundary conditions created by the LbL-E coating based on AgNPs. Then, an 

environmental chamber (Angelantoni Inc.) was used to control both the 

Relativity Humidity (RH) and the temperature of the sensor surrounding 

medium. The optical fiber sensor was exposed to humidity changes in the 

climatic chamber from 20%RH to 70%RH and the temperature was kept 

constant at 25ºC during the whole RH cycle. 

5.4.3. Generation of LSPR band during the LbL-E deposition  

When the LbL-E is sequentially created onto the sensitive region, an 

alteration of the visible absorption spectrum is observed at the detector. This 

aspect is directly related to the Localized Surface Plasmon Resonance (LSPR) 

phenomenon of the silver nanoparticles (AgNPs). In fact, the UV-Vis spectra 

were used to monitor the multilayer buildup LbL assembly in order to confirm 

the existence of this absorption peak of the LSPR at this specific wavelength 

region around 430nm. 

In Figure 5.4, UV-Vis spectra are shown when the LbL-E was built up at 

different thickness coatings as a function of the number of bilayers added in 

the final coating (from 1 to 15 bilayers). The spectra show a direct relation 

between the number of bilayers added and the increasing absorbance of the 

LSPR absorption bands, at 440 nm. In other words, the results confirm that the 

optical absorbance of the coating increases directly with the number of 

bilayers. This confirms the hypothesis that the amount of AgNPs within the 

coating increases directly with the number of bilayers. Moreover, the 

wavelength position of the LSPR at 440 nm and the initial yellowish-orange 

coloration of the nanoparticles are indicative of a complete incorporation of 

spherical AgNPs in the final coating.  
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Figure 5.4. UV-Vis spectra when the LbL-E of the silver nanoparticles (AgNPs) is performed. The 

main absorption band is the LSPR corresponding to the AgNPs incorporated into the thin film. The 

curves plotted are for 1, 3, 6, 9, 12 and 15 bilayers. 

5.4.4. Response of the LSPR to variation of RH changes 

As it has been demonstrated in previous works, coatings based on weak 

polyelectrolytes (PAH/PAA) can modify their thickness and refractive index 

with Relative Humidity (RH) changes due to the swelling/deswelling 

phenomenon [84-88]. In Figure 5.5, the optical fiber sensor was experi-

mentally tested to RH changes from 20% to 70% RH at constant temperature. 

The results displayed in Figure 5.5 indicate that only a change in intensity 

of the LSPR attenuation band was observed as RH is varied. The intensity of 

the LSPR peak showed a linear response to RH changes as it can be seen in 

Figure 5.5 (inset). Nevertheless, no significant wavelength dependence with 

these RH changes was observed in the position of the LSPR band (440 nm). 

This change in wavelength was almost negligible respect to the change in 

intensity [42]. 
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Figure 5.5. Spectral response of the device to RH changes from 20% to 70% RH at a constant 

temperature of 25ºC. 
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5.5. Optical fiber humidity sensor based on LMR  

In previous section, an optical fiber humidity sensor based on LSPR was 

presented. In this section, a novel optical fiber humidity sensor based on a new 

optical phenomenon, known as Lossy-mode resonance (LMR) will be shown.   

This new type of resonances (LMR) can be supported by thin-film coated 

optical waveguides. These optical resonances occur when the real part of the 

thin film permittivity is positive and higher in magnitude than both its own 

imaginary part and the real part of the material surrounding the thin film [44-

46]. LMR-based devices have been explored for the fabrication of optical fiber 

pH sensors [51, 52], humidity sensors [57] or refractometers [58-62]. 

These devices based on LMR bands can be made of diverse materials such 

as polymers or ceramics. Furthermore, LMR-based devices make possible the 

generation of multiple resonant absorption bands and it is possible to obtain 

sensing signals as a function of the thickness and refractive index of optical 

fiber overlay. 

5.5.1. Fabrication of the thin-films onto the sensitive region 

In this section, the chemical route used for the incorporation of the metallic 

nanoparticles into thin films is the in situ synthesis (ISS) process, as it was 

explained in Chapter 2 (section 2.3). This process based on the in situ 

synthesis of AgNPs makes possible to obtain a resonant band (LMR) in the 

infrared region (900-1600 nm). The utilization of these metallic AgNPs for 

optical sensors produces an increasing of the refractive index of the thin film 

and permits the generation of a LMR band in this spectral range of study 

(infrared, NIR). 

5.5.1.1. Fabrication of the polymeric coating 

A polymeric matrix has been synthesized using the Layer-by-Layer 

technique (LbL) by sequentially exposing the optical fiber core to the cationic 

polyelectrolyte poly(allylamine hydrochloride) (PAH) and to the anionic 

polyelectrolyte poly(acrylic acid, sodium salt) (PAA).  

This process was repeated until reaching a [PAH/PAA] polymeric structure 

of 40 bilayers (see appendix 2). 

5.5.1.2. In situ synthesis of silver nanoparticles into the polymeric coating 

Once the polymeric overlay was deposited onto the optical fiber core 

(sensitive region), the in situ synthesis (ISS) process was performed in order to 

incorporate the AgNPs into the polymeric matrix. Then, the loading/reduction 
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(L/R) process has been repeated up to 6 times in order to locate the LMR band 

in the infrared region.  

A color change from transparent to orange has been pointed as an 

interesting result to corroborate the synthesis of the silver nanoparticles 

(AgNPs) during the Loading/Reduction process into the polymeric coating 

obtained by the LbL assembly [89]. In Figure 5.6, it is possible to appreciate 

the difference between a glass slide with only [PAH/PAA] polymeric coating 

obtained by the LbL assembly (totally transparent) and, a glass slide after the 

six loading/reduction (L/R) cycles (golden-yellowish), which it is indicative 

that AgNPs have been correctly synthesized and incorporated into the 

polymeric overlay onto the sensitive region. 

 

Figure 5.6. Schematic representation of the device based on the in situ synthesis (ISS) of AgNPs into 

the polymeric LbL matrix. The orange coloration indicates that AgNPs have been synthesized onto 

the optical fiber core. 

This colored appearance is the result of the presence of a LSPR absorption 

band of the metallic AgNPs synthesized inside the polymeric coating, and 

makes possible the apparition of a strong absorption band in the visible region 

(410-450 nm) This light coupling results in an orange coloration of the coating 

as far as the LSPR absorption of spherical AgNPs is typically located around 

410-450 nm, as it was previously demonstrated in Chapter 2. 
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5.5.2. Device characterization 

The main aim of this section is to monitor the evolution of the LMR 

absorption band in the near infrared region (NIR). The experimental setup is 

very similar to the shown in Section 5.4.2.  

In this case, the experimental setup consisted of a white halogen lamp 

(Ando Inc.) used as the excitation source which was connected to one end of 

the fiber and a CCD-based NIR spectrometer (NIR512 from Oceanoptics Inc.) 

which was connected to the other end of the fiber in order to obtain spectral 

information in the range between 900 and 1600 nm (infrared region). In order 

to observe the wavelength shift of the LMR absorption peak, the sensitive 

fragment is subjected to RH changes. The same environmental chamber 

(Angelantoni Inc.) of the previous section was used to control both RH and 

temperature surrounding the sensor. 

5.5.3. Generation and shift of LMR band during the deposition 

The in situ synthesis of the AgNPs as a function of the number of 

Loading/Reduction (L/R) cycles makes possible the generation of a new 

absorption band (LMR) in the infrared region (NIR). As it has been previously 

demonstrated in Chapter 2, the thickness of the LbL film was kept unaltered as 

the L/R cycles were carried out, and the only change is the amount of silver 

that has been loaded into the LbL film. The amount and size of the metal 

nanoparticles synthesized in the LbL polymeric coating modifies the overall 

refractive index of the film. Due to this, the wavelength of the LMR band 

maximum is shifted to longer wavelengths as a higher number of L/R cycles 

were performed, as it can be observed in Figure 5.7. An evolution of the LMR 

band with 4, 5 and 6 L/R cycles is observed in the infrared region (see Figure 

5.8). A wavelength displacement of 150 nm from the 3
rd 

cycle to the 6
th
 cycle 

is observed during the in situ synthesis (ISS) of the AgNPs.  

It is important to remark that this synthetic route makes possible the 

monitoring of the optical response of the optical fiber during the whole 

synthesis process. This allows us to stop the AgNPs growth during the 

Loading/Reduction cycles when the LMR position band is located at the 

desired wavelength in the infrared region, 1150 nm in this case. 
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Figure 5.7. Spectral response at infrared region (NIR) as a function of the number of 

Loading/Reduction (L/R) cycles onto the optical fiber core. 

 

Figure 5.8. Evolution of the UV-Vis spectra of the LMR absorption band in the infrared region as a 

function of 4, 5 and 6 Loading/Reduction (L/R) cycles. 
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5.5.4. Response of the LMR to variation of RH changes 

Once the sensor was fabricated in order to position the working point of the 

sensor (LMR position band) in the sensitivity region (NIR) at 1150 nm, the 

device was tested to variations of RH. In Figure 5.9, the dynamic response of 

the device (LMR band, black line) to different RH values between 20% and 

80% for several cycles is shown. The results indicate that the dynamic range of 

the device in the studied range (NIR) is 27.3 nm which corresponds to a 

sensitivity of 0.455 nm per %RH. However, this device shows a high value of 

hysteresis (17.3%) because of the important difference between the rise and 

fall cycle when the maxima wavelength of LMR band is tested to RH changes. 

 

Figure 5.9. Dynamic response of the device (LMR maximum sensitivity) to RH changes from 20 to 

80% at a constant temperature of 25ºC. 

Finally, this device has been experimentally tested for human breathing 

changes at LMR wavelength position (1150 nm) to evaluate the response time. 

The results of the experiment to these quick changes of RH measurements are 

shown in Figure 5.10. The observed response time of the sensor was 692 and 

839 ms for the rise and fall, respectively. The response of this device is very 

fast, periodic and repetitive, as it can be observed in the inset of the Figure. 
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Figure 5.10. Response of the sensor to several consecutive human breathing cycles. 
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5.6. Optical fiber humidity sensors based on the 

simultaneous measurement of both LSPR and LMR 

After observing separately the behavior of both LSPR and LMR phenomena 

when the sensitive region is supporting by a thin-film based loaded with 

AgNPs, new supporting coatings were selected to continue with this study. 

Particularly, thicker LbL-E thin films based on the same synthetic process 

shown in section 5.4 were developed. This leads us to the present work, the 

fabrication and design of coatings for a novel optical fiber sensor based on the 

simultaneous measurement of both LSPR and LMR for monitoring humidity 

changes. 

The LbL-E deposition technique permits to control and monitor the 

transmission spectra while the coating is being deposited as a function of the 

number of bilayers added to the coating (directly related with its thickness). 

This is an important advantage for research purposes because it enables to 

observe the generation of the different electromagnetic resonances, such as 

Lossy mode resonances (LMR) as the coating thickness is increased. 

As it was previously commented, one of the main advantages of the use of 

AgNPs in a polymeric matrix is the alteration in intensity of the LSPR when a 

change of the refractive index of the polymeric overlay is produced due to the 

swelling/deswelling phenomenon. However, a thicker coating based on the 

deposition of these AgNPs, allows an improvement of the sensitivity to RH 

changes of the device because of the presence of the LMRs. These LMR bands 

present a peak wavelength shift that depends on the thickness and refractive 

index of the overlay and that can be monitored. Due to this, it is possible to 

register humidity changes as a function of the wavelength displacement of the 

LMR, and not only with an intensity shift of the LSPR as it was observed in 

section 5.4. Moreover, the fabrication process (LbL-E) can be stopped at the 

desired moment when LMR band appears in the transmission spectra [45, 52]. 

As it will be explained in the following section, the presence of this dual-

peak, LSPR and LMR respectively, permits to obtain more accurate 

measurements of the device. Thus, in this section, the transmission spectra of 

devices fabricated with LbL-E  films of different thickness will be analyzed, 

trying to explain the generation and shift of the LSPR and LMR, testing its 

response to changes in the RH and comparing these results with the previously 

LSPR-device. 
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5.6.1. Fabrication of the thin-films onto the sensitive region 

Optical fiber sensors with two different thicknesses (25 and 40 bilayers) 

were fabricated using the LbL-E deposition technique. For all the cases it is 

assumed that the sensitive region consists of both AgNPs (LSPR) and a 

polymeric matrix (PAH/PAA) which it is sensitive to the RH changes. 

Moreover, the presence of AgNPs allows an improvement of the visibility of 

the LMR bands with a smaller thickness in comparison with a sensor with a 

polymeric overlay without silver nanoparticles.  An important advantage of the 

use of LMR as a sensing signal is the possibility of selecting the wavelength of 

operation and tuning the sensitivity by just tuning the thickness of the coating. 

Here, it will be shown the successive evolution of the apparition of the 

different absorption bands when the thickness coating is increased up to a 

number total of 40 bilayers. For this case, firstly LSPR band will appear at a 

typical wavelength of 430-450 nm, which it is typical of spherical AgNPs 

without a significant wavelength-dependence (section 5.4), and secondly, the 

apparition of the LMR bands will be observed to sweep all the spectral range 

as the thickness coating is increased [42, 43]. 

5.6.1.1. Generation of the LSPR and a single LMR 

The UV-Vis spectra was used to monitor the transmitted light during the 

LbL-E deposition technique, in order to study the apparition of the different 

resonant absorption peaks caused by the coating based on AgNPs. 

In Figure 5.11, when the coating thickness has less than 20 bilayers it is 

possible to appreciate only a LSPR absorption band. This first absorption band 

(LSPR) was found centered around 450 nm, and it is attributed to the optical 

properties of the AgNPs. In addition, when the thickness of the LbL coating is 

increased up to 30 bilayers, a new absorption band attributed to the LMR 

phenomenon is observed (LMR 1). This resonant condition for LMR 1 

strongly depends on the thickness and refractive index of the optical fiber 

overlay.  

In fact, this LMR 1 attenuation band presents a shift of 300 nm of the 

maximum with a thickness increase of only 5 bilayers. The central wavelength 

of such LMR 1 is shifted from 650 nm to 950 nm in the spectral range as the 

number total of bilayers is increased from 25 to 30 bilayers, as it can be 

observed in Figure 5.11. 
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Figure 5.11. UV-Vis spectroscopy of the sensor as a function of the number of bilayers added using 

the LbL-E deposition technique. The curves plotted are for 5, 10, 15, 20, 25 and 30 bilayers. 

5.6.1.2. Generation of multiple LMRs 

A detail of the last 5 bilayers of the fabrication process (from 36 to 40 

bilayers) is observed in Figure 5.12, where the apparition of both LMR 2 and 

LMR 3 absorption bands and their displacement as more bilayers are added 

can be easily appreciated. These resonances (LMR 2 and LMR 3) remained 

visible within the studied spectral range at the end of the fabrication process, 

while LMR 1 exceeded this range (more than 1100 nm) for a number of 

bilayers higher than 30. Moreover, it is possible to observe an overall 

displacement of the central wavelength of both LMR 2 and LMR 3 of 110 nm 

and 30 nm respectively, when the thickness coating is increased from 36 to 40 

bilayers. 

As it can be observed in Figures 5.11 and 5.12, it is possible to detect 

multiple absorption peaks (LMRs) in a polymeric coating fabricated with these 

AgNPs by means of the LbL-E deposition technique, even LSPR and LMR 

simultaneously. This fabrication technique allows the on-line optical 

monitorization during the fabrication process, and therefore it is possible to 

stop the LbL-E deposition when the optimal optical response is obtained. 
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Figure 5.12. UV-Vis spectroscopy of the sensor as a function of the number of bilayers added using 

the LbL-E deposition technique. The curves plotted are for 36, 37, 38, 39 and 40 bilayers. 

In Figure 5.13, it is displayed the evolution of the spectral response as the 

number of bilayers is increased up to 40 bilayers. This figure can help us to 

analyze the apparition of the different resonant bands (LSPR and LMRs) as the 

thickness of the LbL-E overlay is increased from 1 bilayer to 40 bilayers. 

 

Figure 5.13. Spectral response observed as a function of the number of bilayers added. 

These transmission spectra confirm that no LMR bands are observed when 

the coating thickness is very thin (from 1 to 20 bilayers), so the optical 
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response of the device is dominated by the LSPR absorption band of AgNPs 

centered at 450 nm. Nevertheless, when the coating thickness is increased 

(from 25 to 40 bilayers), several LMR absorption bands are observed in the 

spectral range studied. Finally, it is possible to appreciate their maxima 

wavelength dependence of these LMR with the thickness of the LbL coating as 

a higher number of bilayers are added to the final coating. 

5.6.2. Response of both LSPR and LMR to variation of RH changes 

In this section, two devices with different number of bilayers (25 and 40 

bilayers) were fabricated in order to show the spectral response of the different 

absorption bands (LSPR and LMRs) to variation of RH changes. 

5.6.2.1. Spectral response of 25 bilayers device 

On the one hand, a sensor with 25 bilayers has been fabricated in order to 

show clearly both LSPR and LMR 1 bands. LSPR position band is found 

around a wavelength of 440 nm, while LMR 1 position band is located around 

610 nm. The dynamic response of both LSPR and LMR 1 are shown in Figure 

5.14 when the device is tested for RH changes between 20% and 70% for 

several cycles. It can be observed that LSPR shift (green line) showed no 

significant wavelength dependence, while LMR 1 shift (black line) showed a 

high wavelength displacement when RH varies between 20% and 70% RH. 

  

Figure 5.14. Dynamic response observed of the device (25 bilayers). The wavelength shift of both 

LSPR and LMR 1 are monitored simultaneously to RH cycles from 20 to 70 %RH at 25ºC. 
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The sensor shows a dynamical range of only 3 nm for LSPR, and a 

dynamical range of 50.8 nm for LMR 1. The results reveal that LSPR only 

shows a sensitivity of 0.06 nm per %RH corresponding to this slight variation 

in wavelength. This behavior of the LSPR has been previously observed in 

Figure 5.5 (15 bilayers) where only a linear response in intensity of the LSPR 

band was obtained without any significant change in the wavelength position. 

The results for LMR 1 band are more relevant because of this high wavelength 

shift to the same RH changes which corresponds to a sensitivity of 1.016 nm 

per %RH. This sensitivity to RH changes corresponding to LMR 1 is 

seventeen times higher than LSPR band, which indicates the great difference 

in wavelength displacement between both LSPR and LMR as a function of RH 

changes and enables the fabrication of OFHS suitable to be used in practical 

RH monitoring applications due the high dynamic range of LMR 1 band. In 

addition, it is important to note the great importance of this device (25 

bilayers) because it is possible to observe two differentiated resonances at 

different wavelength-position (LSPR and LMR 1) which it enables to perform 

dual reference measurements, with its associated improvement in accuracy. In 

Figure 5.15, it is presented the transfer function of the variation of the maxima 

wavelength of both LSPR and LMR 1 to different RH values from 20% RH to 

70% RH. The LSPR shows the same behavior to the rise and fall cycle with 

the same slope. However, LMR 1 shows a hysteresis of 6.3%. 

 

Figure 5.15. Transfer function of 25 bilayers device for humidification and desiccation (20% RH-

70% RH-20% RH). 
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5.6.2.2. Spectral response of 40 bilayers device 

On the other hand, another device of 40 bilayers has been fabricated in 

order to show the behavior to RH changes of both LMR 2 and LMR 3 bands. 

As it was previously commented, this sensor of 40 bilayers is based on the 

same approach than previous device of 25 bilayers because it is possible to 

appreciate both LSPR and LMR bands in the same spectral range (see Figure 

5.13). The LSPR remains at a fixed wavelength position reference while LMR 

bands present a wavelength displacement in order to monitor RH changes of 

the surrounding medium. As it was previously commented, a higher number of 

LMR bands, LMR 2 and LMR 3 bands, are observed for this LbL-E thickness 

coating (40  bilayers), but LMR 1 band is not observed in this spectral range of 

study. 

The dynamic response of LMR 2 is shown in Figure 5.16 when the device is 

tested for RH changes between 25 and 70 %RH for several cycles using the 

same experimental setup of previous sections. For this case, it can be observed 

that LMR 2 (black line) showed a very large resonance wavelength shift of 

42.4 nm for a RH range between 25 and 70 % RH. This result confirms that 

LMR 2 presents a sensitivity of 0.943 nm per %RH, very similar to the result 

obtained by LMR 1 in 25 bilayers-device (1.016 nm per %RH). 

 

Figure 5.16. Dynamic response observed of 40 bilayers device (LMR 2) to RH changes from 25 to 

70% RH at 25ºC. 
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An important aspect to remark is that the resonance wavelength variation 

fits well with the electronic RH sensor response, sensor which is located in the 

climatic chamber. The optical fiber sensor response is due to fast RH changes 

produced by the climatic chamber as result as normal operation (see Figure 

5.16 inset). For this case, it is possible to appreciate that the fiber optic sensor 

(LMR 2) shows the same fluctuations than the electronic sensor. 

Similarly, the dynamic response of LMR 3 (black line) to RH changes from 

25% to 70% is shown in Figure 5.17. The wavelength displacement in the 

studied range is 5.7 nm, which it corresponds to a sensitivity of 0.126 nm per 

%RH. These results indicate that LMR 2 (0.943 nm per %RH) improves the 

sensitivity of LMR 3 (0.126 nm per %RH) in more than seven times. 

Furthermore, it can be observed the high repeatability of the sensor where the 

difference between the values at the end and the beginning of the cycle are 

very similar to the two different LMRs (LMR 1 and LMR 2). 

 

Figure 5.17.  Dynamic response observed of 40 bilayers device (LMR 3) to RH changes from 25 to 

70% RH at 25ºC. 

In Figure 5.18, it is presented the transfer function of the variation of the 

maxima wavelength of both LMR 2 and LMR 3 to different RH values from 

25% to 70% RH. The LMR 3 shows the same behavior to the rise and fall 

cycle with a high linearity and with almost the same slope, while LMR 2 

shows a low hysteresis of 2.7%. This value of hysteresis corresponding to 
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LMR 2 is lower than previous device (LMR 1, 25 bilayers) with a higher value 

of hysteresis (6.3%). 

 

Figure 5.18. Transfer function of 40 bilayers device for humidification and desiccation (25% RH-

70% RH-25% RH). 

An interestingaspect of this kind of devices is that LMR allows the 

generation of multiple resonances as the thickness coating is increased. This 

property makes LMR appropriate for fabricating multi-peak sensors with a 

better sensitivity and multiple-wavelength optical filters. In addition, these 

devices take the additional advantage of a dual-peak reference (LSPR-LMR) 

with a high immunity to optical power fluctuations. This large wavelength 

displacement is not observed in the LSPR-based devices which showed only 

LSPR lineal intensity dependence with RH variations and negligible variation 

in wavelength of the LSPR band. 

After monitoring this high wavelength displacement corresponding to the 

LMR 2 absorption band, the response time of the sensor was evaluated by 

exposing the device to quick RH changes. The results of this experiment are 

shown in Figure 5.19. The observed response time of the sensor was 476 and 

447 ms for the rise and fall, respectively. The response of this device is very 

fast, periodic and repetitive (see inset), which this system could be a good 

alternative to monitor breathing or respiration in medical applications. 
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Figure 5.19. Response time of 40 bilayers device (LMR 2) to several consecutive human breathing 

cycles (rise and fall). 

The hybrid inorganic-organic polymeric structure obtained by LbL-E 

deposition technique for these sensors (PAH/PAA-AgNPs) is sensitive to RH 

changes. This effect has been named in previous works as swelling/deswelling 

phenomenon of the PAH/PAA structure [88]. As a consequence of this 

variation, the effective refractive index of the structure changes, producing a 

shift of the different LMR bands. Moreover, the incorporation of AgNPs in 

this polymeric structure  improves the sensitivity to RH changes, and also 

allows the visibility of the LMR bands with a smaller thickness in comparison 

with only polymeric overlay (PAH/PAA) which it implies an important 

reduction in the fabrication time. Other remarkable advantage is that AgNPs 

makes possible the use of LSPR reference at a fixed wavelength position 

around 450 nm whereas multiple LMR bands appear around visible spectra as 

a function of the thickness coating. 

In Table 5.2, the most important characteristics of the different optical fiber 

humidity sensors presented in this section and obtained by LbL-E deposition 

technique are shown as a function of the number total of bilayers deposited 

onto the optical fiber core (sensitive region). 
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Table 5.2. Sensitivities of the optical fiber humidity sensors based on LSPR and LMR using the LbL-

E deposition technique (25 and 40 bilayers) of the orange colored silver nanoparticles (AgNPs). 

 

 

To summarize, a thicker coating (40 bilayers) makes possible the generation 

of a higher number of resonant peaks in the visible spectral range using the 

same fabrication process based on a successive loaded of AgNPs (LbL-E). In 

this case, a coating of 15 bilayers presents an only resonant peak (LSPR) 

(section 5.4), a coating of 25 bilayers presents two resonant peaks (LSPR and 

LMR1) and a coating of 40 bilayers presents three resonant bands (LSPR, 

LMR 2 and LMR 3). In addition, the presence of both LSPR and LMR 

absorption bands in a same device is of great interest because of the utilization 

of the LSPR band as a wavelength fixed reference, while LMR monitoring can 

be used to estimate the RH of the environment with a high sensitivity of the 

LMR band to these RH changes. It is important to remark that a better 

sensitivity of the device of 25 bilayers is observed with 1.016 nm/%RH 

whereas the device of 40 bilayers also presents a high sensitivity of 0.943 

nm/%RH. However, the device with a higher thickness (40 bilayers) presents 

the additional advantage of a multiple reference of the LMR bands (LMR 2 

and LMR 3) and a better appearance of the transfer function because LMR 3 

shows a high linearity with almost the same slope, while LMR 2 only shows a 

low hysteresis of 2.7% in comparison with the hysteresis of the 25 bilayers 

device which it is of 6.3%. 
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5.7. Conclusions 

In this chapter, a study about the generation of electromagnetic resonances 

when an optical waveguide is coated by a thin-film has been performed and 

the conditions to obtain the different types of resonances have been described. 

In particular, the presence of two phenomena, Localized Surface Plasmon 

Resonance (LSPR) and Lossy Mode Resonance (LMR) in a same device based 

on AgNPs, using an optical fiber configuration has been presented for the first 

time in the literature.  

In all the cases of study, AgNPs loaded polymeric coating make possible to 

obtain these resonances in the spectral range of study. These AgNPs allows us 

to fabricate thin films with modified refractive index and can be used to 

estimate the Relative Humidity (RH) of the environment. In addition, AgNPs 

contribute to enhance lifetime of the devices in high RH environments due to 

the biocide behavior of AgNPs, as it was previously commented in Chapter 4, 

preventing the adverse bacterial apparition which could damage the sensitive 

coating. 

In order to distinguish the difference between both LSPR and LMR, their 

properties have been experimentally demonstrated using two chemical 

different synthetic routes based on AgNPs onto the optical fiber core. These 

methods have been extensively described in Chapter 2 (ISS process) and in 

Chapter 3 (LbL-E deposition technique). 

Once all the coatings have been fabricated, several aspects related to both 

LSPR and LMR should be remarked. The first difference is that LSPR 

condition presents only a single peak in the visible region. The position of this 

LSPR band at 410-450 nm is characteristic of AgNPs with a spherical shape 

and the orange coloration of the resulting films corroborates this hypothesis. 

However, LMR allows the generation of multiple resonances as the thickness 

coating is increased during the fabrication process. In addition, these LMR 

bands can be generated in different regions of the spectrum, visible as well as 

infrared region (NIR), as a function of the synthesis process selected onto the 

optical waveguide. 

Other remarkable feature is that LMR bands present a high peak wavelength 

shift, whereas LSPR band presents a very slight wavelength displacement 

when the sensitive coating is tested to RH changes. This property makes LMR 

appropriate for fabricating multi-peak sensors with a better sensitivity and 

multiple- wavelength optical filters. In Table 5.3, a summary of the differences 

between both synthetic techniques as well as the sensitivities to RH changes of 

each device is shown.  
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Table 5.3. Characteristics of the optical fiber humidity sensors reported in the different sections. 

 

 

It was observed in all the cases of study that the wavelength of the LMR is 

sensitive to the RH changes, independently of the method used to obtain the 

metallic nanoparticles (AgNPs) into the polymeric matrix. However, the 

sensitivity corresponding to the LbL-E deposition technique (25 or 40 bilayers 

device) is higher than the in situ synthesis (ISS), which it indicates that LMR 

peak obtained by LbL-E deposition shifts to higher wavelength in a faster way 

when the RH is increased. In addition, the sensitivity of the LMR shift 

corresponding to the LbL-E is higher when the thickness of the coating is 

lower. A coating thickness of 25 bilayers device presents a sensitivity of 1.016 

nm/%RH (LMR 1) in comparison with a coating of 40 bilayers device with a 

sensitivity of 0.943 nm/%RH (LMR 2).  

In addition, one of the most exigent applications for RH sensors is human 

breathing monitoring, as far as the expiration/inspiration cycles increase and 

decrease the RH air. A better response time corresponding to the LbL-E 

method with 476 ms and 447 ms for the rise/fall is observed in comparison 

with the ISS method with 692 ms and 839 ms for the rise/fall, respectively. In 

both cases, a fast and repetitive response in intensity of the LMR band is 

demonstrated in different spectral ranges (visible or infrared) as a function of 
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the chemical route of synthesis. These devices could be a good alternative to 

monitor human breathing in medical applications. 

To summarize, the high sensitivity to the Relative Humidity (RH) of the 

LMR band opens the door to a wide range of applications in the optical fiber 

sensors field. Taking into account the success of optical fiber sensors based on 

LSPR, and due to the fact that some of their limitations are overcome by LMR 

sensors, this new phenomenon could be applied and combined with LSPR in a 

wide range of applications in the next years due to the associated advantages 

of both phenomena in a same optical device. 
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CHAPTER 6. Conclusions and open research lines 

6.1. Conclusions 

Along this work, an original study about the synthesis of metallic silver 

nanoparticles into thin films has been presented. Two different methodologies, 

the in situ synthesis (ISS) process and the Layer-by-Layer Embedding (LbL-E) 

deposition technique, have been used for incorporating AgNPs into thin films, 

and applications of the resultant coatings as antibacterial surfaces or optical 

fiber devices have been evaluated. In particular, it is worth noting that the 

optical fiber sensors shown here have a common feature: all of them have been 

fabricated by depositing a nanostructured coating loaded with AgNPs onto the 

optical fiber core and the presence of two optical resonance phenomena, LSPR 

and LMR, in the same device results of great interest for the scientific 

community.  

Two different deposition techniques have been used in order to incorporate 

the AgNPs into the thin films. Special attention has been paid to the Layer-by-

Layer (LbL) assembly because it offers some important advantages such as 

nanometric thickness control of the coating, high versatility and, moreover, it 

does not require the utilization of expensive or complex instrumentation. 

Nevertheless, the sol-gel dip-coating technique has been also studied when the 

thickness control at nanometric scale was not so critical, showing good results 

as antibacterial sufaces. 

In Chapter 2, a method for the in situ synthesis (ISS) of silver nanoparticles 

into thin films is presented. Firstly, an initial coating is fabricated by the sol-

gel process or the LbL assembly and secondly, the in situ synthesis of the 

AgNPs into these previous deposited coatings is performed. In both cases (sol-

gel or LbL), the key of a further incorporation of the in situ synthesis of 

AgNPs into the films is due to the presence of PAA. This weak polyelectrolyte 

presents carboxylate and carboxylic acid groups at a suitable pH where the 

free carboxylic acid groups are responsible for binding Ag-ions by the metal-

ion exchange mechanism with the proton (nanoreactor sites). It has been 

demonstrated that when a higher number of nanoreactor sites are available in 

the coating, a higher number of AgNPs has been obtained. This aspect has 

been corroborated for the LbL assembly at pH 9.0 in comparison with films 

obtained at pH 7.0. The orange coloration, the location of the LSPR band at 

410-420 nm and a post-thermal treatment of the thin films have been also 
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evaluated. This ISS process makes possible the synthesis of spherical AgNPs 

with a random distribution and partial aggregation into the films. 

In Chapter 3, a multicolor silver nanoparticles map has been generated from 

water based solutions. The color is adjusted by controlling the molar ratio 

concentration between the protective and reducing agent. The synthesis of 

AgNPs with variable shapes (spherical, rod, hexagonal, triangle, cube), sizes 

(nanometric, micrometric or clusters), aggregation states and colors (orange, 

violet, green, blue, brown, red, yellow) as well as the evolution of the LSPR 

absorption bands in two regions (region 1 in 400-500 nm and region 2 in 600-

700 nm) are presented. Then, in a second part of this chapter the further 

incorporation of these AgNPs with a specific coloration (violet, orange and 

green) into solid state thin films is also studied. The Layer-by-Layer 

Embedding (LbL-E) deposition technique is selected as a good candidate for 

the incorporation of the AgNPs into the films. A study about the pH of the 

dipping polyelectrolytes solutions as well as the number of bilayers is 

performed. The key to obtain multicolored films is a good control over the 

properties of the nanoparticles (shape and size) and their distribution into the 

thin films. The fabrication of multicolored thin films is not trivial and in the 

most of the approaches (i.e. in situ synthesis in Chapter 2), only yellowish-

orange coloration was obtained. Attending to these results, this is the first time 

that a study about the color formation based on AgNPs is investigated in LbL 

films preserving the original color of the dipping solutions. 

In Chapter 4, antibacterial surfaces have been obtained using the in situ 

synthesis (ISS) of AgNPs and the Layer-by-Layer Embedding (LbL-E) 

deposition technique. The coatings have been tested against bacterial cultures 

(Lactobacillus plantarum), preventing the bacteria growth in the coated area. 

This study is very interesting for applications such as sensors in tropical-like 

environmental conditions (high RH, high temperature) where bacteria are 

prone to grow over organic films. This biocide behavior of the AgNPs will 

contribute to extend the lifetime of the coatings in such harsh environments. 

In Chapter 5, the simultaneous use of both Localized Surface Plasmon 

Resonance (LSPR) and Lossy Mode Resonance (LMR) in a same device has 

been described for the first time in the bibliography. In addition, remarkable 

differences in their sensitivities to the Relative Humidity (RH) changes have 

been observed. LSPR only showed an intense peak in the visible region (410-

450 nm), lineal variation in intensity and a slight wavelength displacement. 

However, LMR can be generated in different regions of the spectrum, visible 

as well as infrared, as a function of the thickness of the films (LbL-E) or the 

amount of AgNPs incorporated (ISS). In addition, an important aspect related 

to LMRs is their high wavelength displacement with a good sensitivity when 

the LbL-E films of variable thickness (25 or 40 bilayers device) were tested to 

RH changes. For example, using the LbL-E of orange AgNPs, the sensitivities 
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of LMRs varied from 1.016 nm/%RH (LMR 1), 0.943 nm/%RH (LMR 2) or 

0.126 nm/%RH (LMR 3). These values are higher compared to the slight 

LSPR variation of 0.016 nm/%RH. Finally, taking into account the limitations 

of the LSPR which can be overcome by LMR devices, the possibility of 

combining both phenomena in a same device opens the door to the design of a 

new group of self-referenced optical fiber sensors. 

6.2. Open research lines 

Once the conclusions of this study have been indicated, it is necessary to 

summarize the research lines that this thesis has opened and can be considered 

for future works. 

Although this thesis is based on the synthesis of multicolored AgNPs from a 

source of silver ions (AgNO3), using two parameters such as protective (PAA) 

and reducing agents (DMAB), it would be very interesting to apply this same 

study for synthesizing other type of nanoparticles. In particular, the synthesis 

of gold nanoparticles (AuNPs) could be a good alternative from a source of 

gold ions (HAuCl4), and it should be studied if is possible to obtain different 

colors, using the same molar ratios of protective and reducing agents, as it 

appears in the multicolor silver map. Furthermore, it seems of interest to 

compare the results observed such as the optical properties (colors) of both 

LSPR bands (AgNPs and AuNPs), shapes, sizes or aggregation states. In 

addition, an interesting study would be to see if mixing both sources of silver 

and gold ions in the initial mixture, it is possible to appreciate both LSPR 

bands in the spectral range (UV-Vis spectroscopy), after the addition of the 

reducing agent (DMAB), because the LSPR band of AuNPs appears in a 

different wavelength position of the LSPR of AgNPs. If all this was possible, a 

novel comparative study between individual LSPR bands (AgNPs or AuNPs) 

and together LSPR bands can be performed as function of the final molar 

proportions of protective and reducing agents. 

LSPR and LMR-devices for measuring Relative Humidity changes have 

been presented in Chapter 5. However, it would be interesting if these devices 

based on AgNPs can be used as optical fiber pH sensors or as refractometers, 

maintaining the high sensitivity for LMR (wavelength displacement), whereas 

LSPR shows a liner intensity variation with a negligible displacement in 

wavelength. If this occurs, novel applications of these devices based on both 

phenomena will be widely studied as an important aspect in the sensor fields. 

In addition, LbL-E of AgNPs with an orange coloration was studied in 

Chapter 5. It has been demonstrated that LSPR of these AgNPs (spherical) are 

located in region 1 (410-450 nm) which it is corroborated in the LbL-E thin 
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films. An interesting approach would be to incorporate AgNPs whose LSPR 

bands are located in region 2 (600-700 nm) what is observed with bluish or 

purple coloration. In this case, once the LbL-E deposition technique of the 

AgNPs (blue or violet) is being performed onto the optical fiber core (sensitive 

region), a LSPR band related to AgNPs should appear at a fixed wavelength 

position in the region 2 since the beginning of the deposition. However, after 

the addition of several bilayers, a new LMR band should appear at lower 

wavelength (region 1) which it will be shifted to higher wavelength position 

when the number of bilayers is being increased. The ideal situation would be 

to stop the deposition process when both phenomena (LSPR and LMR) are 

perfectly observed at a specific number of bilayers and separated in 

wavelength position and then, monitoring their sensitivities to RH changes or 

other type of physical or chemical parameters. 

Finally, according to the conclusions and future perspectives, the possibility 

of obtaining both LSPR and LMR phenomena using metal nanoparticles (Ag 

or AuNPs) loaded polymeric thin films in a same device, could open the door 

of the sensors market. The development and fabrication of low-cost portable 

kits based on LSPR and LMR for measuring RH, refractive index or pH values 

could be of great interest for the expansion of these devices. 

 

 



 

APPENDIX 1. The sol-gel process 

Ap1.1. Introduction 

The sol-gel process is a technique for synthesizing porous, glass-like 

materials and ceramics. This process has been extensively investigated by 

scientific community because the sol-gel reactions can produce a high variety 

of inorganic networks which are prepared from metal alkoxyde solutions [1-6]. 

All these reactions follow the same evolution from a sol, a colloidal 

suspension of solid particles in a liquid, to produce a gel, a substance that 

contains a continuous solid skeleton enclosing a continuous liquid phase.  

It has found that the sol-gel derived materials have important applications in 

fields as diverse as optics, chemistry, electronics, nanotechnology, medicine, 

biology or materials [7-19]. In addition, sol-gel derived materials show several 

benefits such as transparence in the UV or visible range and a high resistance 

to thermal or photochemical degradation. Another important benefit is that sol-

gel reactions do not employ extreme reaction conditions because the reactions 

take place at room temperature and require only moderate temperature to cure 

the gel. All these factors along with simplicity and versatility of the process 

make the sol-gel process a suitable method to obtain thin films with special 

properties. 

Ap1.2. Sol-gel chemical reactions 

The sol-gel process consists of a chemical synthesis technique for preparing 

inorganic or hybrid inorganic-organic materials with a high purity through 

specific chemical reactions (hydrolysis and condensation) of metal alkoxydes 

at low or room temperature. The most widely used alkoxydes are silicon 

alkoxydes, such as tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS).  
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Figure Ap1.1. Chemical structure of both silicon alkoxydes, TMOS and TEOS, respectively. 

The fundamental reaction principles are described using a silicon alkoxyde 

(Si-(OR)4) as a model system. The sol-gel process is a simple three step 

reaction (hydrolysis, condensation and polycondensation) as it is shown in the 

following schematic reactions. It is important to remark that alkoxysilanes are 

used as an example but all of the metal alkoxydes (aluminates, titanates or 

zirconates) react similarly [20-23].  

1. The hydrolysis is initiated by the addition of water to the silane solution 

under acidic, neutral or basic conditions. As a result of the hydrolysis of 

the silicon alkoxyde precursor, hydroxylated product (silanol groups) 

and the corresponding alcohol are generated. 

 

2. The condensation can be produced between an unhydroxylated alkoxide 

group and a hydroxyl group (alcohol condensation) or between two 

hydroxyl groups (water condensation), which eliminates the solvent, 

and making possible the formation of a colloidal mixture known as sol. 

 

(a) alcohol condensation: 

 

(b)  water condensation 
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3. Polycondensation between sols or additional networking, resulting in a 

porous and three-dimensional (3D) crosslinked network. In this situation, 

the viscosity of the solution is gradually increased, and as result, the sol 

becomes interconnected to form a rigid and porous network known as gel. 

In Figure Ap1.2, all the steps of the sol-gel process are shown. 

 

Figure Ap1.2. Steps of the sol-gel process. 

The final properties of the resultant gel depend strongly on the sol-gel 

processing parameters, such as molecular precursor, concentration and nature 

of the catalyst, water to silane ratio, sol ageing time and temperature [24-30]. 

An important consideration is that the reaction mechanisms vary with a 

different kinetic if the process is catalyzed by acids (HCl, HNO3, H2SO4) or by 

bases (NaOH, amines). Acid-catalyzed reactions promote the formation of 

linear polymers, whereas base-catalyzed reactions promote the formation of 

highly crosslinked polymers. In Figure Ap1.3, the difference in the chemical 

structure of the final polymers as a function of the experimental conditions is 

shown. 
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Figure Ap1.3. Polymeric distribution of the resultant gel as a function of acid or basic catalysis.  

Ap1.3. Deposition procedure 

Deposition techniques based on sol-gel chemistry are attracting a great 

interest due to their versatility and simplicity. In this work, a simple dip-

coating technique has been applied to deposit hybrid sol-gel coatings based on 

polymeric chains and silver nanoparticles onto glass slides with the aim of 

obtaining antibacterial surfaces.  

The general dip-coating deposition technique uses a solution which contains 

the precursor metal alkoxyde, water, co-solvent and catalyst. The changes 

observed in the solution during the process and the type of catalysts used (acid 

or basic) have a great influence in the final structure of the gel and, hence, in 

the resultant coating properties. 

Once the sol-gel precursor is prepared and aged for a specific period of 

time, the substrate (glass slide), previously cleaned and treated, is immersed 

into it. After a determined period, it is pulled out from the gel. The extracting 

speed is an important parameter because the thickness of each layer highly 
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depends on it. Then, the substrate is dried during a fixed time. This step can 

include some additional processing, such as a heat treatment at specific 

conditions of temperature and pressure. These steps can be repeated until the 

coating has acquired the desired characteristics. Occasionally, a final 

processing is necessary to stabilize the film and tune its properties. In Figure 

Ap.1.4, a schematic representation of all these steps involved in a dip-coating 

deposition is shown.  

 

Figure Ap1.4. Schematic representation of the dip-coating deposition technique. 
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APPENDIX 2. The Layer-by-Layer (LbL) assembly 

Ap2.1. Introduction 

The Layer-by-Layer (LbL) assembly, also known as Electrostatic Self-

Assembly Multilayer (ESAM), consists of the alternate immersion of the 

substrate into aqueous solutions with opposite electric charge, being the 

electrostatic attraction the main force to adsorb onto a surface. It was reported 

for the first time by Iler [1] in 1966. However, nobody followed this line of 

research after his death. In the first nineties, G. Decher and coworkers 

rediscovered the technique [2]. Since then, the number of publications related 

to LbL assembly has increased exponentially [3-5], being one of the most used 

methods in the nanoscale level. 

This technique offers a high number of advantages in comparison with other 

techniques. One of them is its simplicity because it is not necessary any special 

or expensive equipment. In addition, LbL method can be applied onto surfaces 

with any shape (cylindrical, conical or plane) and the resultant thickness of the 

film can be perfectly controlled with a high precision by just selecting the 

number of deposited layers [6, 7]. Other great benefit of this technique is that 

it allows the deposition of a different kind of substances, such as polymers, 

fluorescent indicators, nanoparticles, quantum dots or colorimetric indicators 

[8-13]. 

This high versatility combined with the simplicity makes the LbL technique 

as a suitable method for fabricating optical fiber sensors based on thin films. 

As a consequence, the number of papers related to optical devices based on 

nanostructured coatings have been recently increased and different type of 

sensors such as humidity, pH, temperature, harmful gas,glucose or hydrogen 

peroxide sensors have been reported [14-18] using this technique deposition. 

In addition, as it was previously commented, this method can be also applied 

onto other surfaces (wood, glass) and novel nanocoatings have been fabricated 

with special properties as diverse as antibacterial, self-cleaning, fireproof, 

superhydrophilic, superhydrophobic or anti-scratching [19-25]. 
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Ap2.2. Deposition procedure 

The basis of the LbL method is the electrostatic attraction between the 

aqueous polyelectrolyte solutions of opposite charge. The charge of these 

polyelectrolyte solutions can be perfectly tuned with the pH and the ionic 

strength of the dipping solutions. This process involves different steps. First of 

all, the substrate is cleaned and treated to create a charged surface. After that, 

the substrate is alternately dipped in solutions with a cationic and anionic 

charge to create a multilayer thin film. In Figure Ap2.1, a schematic 

representation of this process with all the steps involved is presented. If the 

initial charge of the substrate is positive, the first monolayer will be a 

polyanion, and if it is negative, the first deposited monolayer will be a 

polycation. This way, a multilayer structure is formed by electrostatic 

attraction between each bilayer and the bilayer previously deposited. After 

each immersion, the substrate is dipped into ultrapure water to remove the 

excess of material deposited onto the surface. The molecular species of the 

anionic and the cationic components and the long-range physical order of the 

layers determine the resulting coating properties. 

 

Figure Ap2.1. Schematic representation of the different steps involved in the deposition of a 

nanocoating by using the Layer by Layer method. 

It is important to note that the polyanions and polycations overlap each 

other at the molecular level, and this produces a homogeneous optical material 

[3-5, 26, 27]. The pair of one anionic monolayer and one cationic monolayer 

will be called bilayer henceforward. The composition and thickness of an 

individual bilayer can be controlled by adjusting the deposition parameters 

(concentration of solutions, pH, temperature, immersion times, ionic strength, 

etc.).In addition, these coatings can be formed onto many different substrates 

(metals, plastics, ceramics or semiconductors) with different shapes. 
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In this thesis, two weak polyelectrolytes will be used for the LbL assembly, 

poly(allylamine hydrochloride) (PAH) as a polycation and Poly(acrylic acid, 

sodium salt) (PAA) as a polyanion, and will be the base of the electrostatic 

attraction onto the desired surface (optical fiber or glass slides). In Figure 

Ap2.2, the chemical structures of both weak polyelectrolytes are shown. The 

main advantage of these polyelectrolytes is that their linear charge densities 

can be varied over a wide range by simple adjustments of the pH of the 

dipping solutions. With this approach, it is possible to control the charge 

density of both an adsorbing polelectrolyte and the surface charge of a 

previously adsorbed polyelectrolyte in order to obtain the bilayer building 

block. The final thickness and the surface properties can be tuned in a very 

precise manner as a function of the number of bilayers deposited onto the 

surface of the substrate. 

 

Figure Ap2.2. Chemical structure of both cationic and anionic polyelectrolytes (PAH and PAA). 

Finally, the use of the PAA at a desired pH during the fabrication process is 

of great interest because this weak polyelectrolyte can be used as a protective 

agent of the silver nanoparticles which makes possible the control of their 

resultant shape and size, preventing their agglomeration or precipitation, as it 

was previously commented in Chapter 2 and 3. Due to these specific properties 

related to the PAA [5, 7, 28-33], the use of the LbL assembly as a tool to 

obtain thin films based on inorganic nanoparticles will be investigated in this 

thesis, using two different methods, known as in situ synthesis (ISS) and the 

Layer-by-Layer Embedding (LbL-E) deposition technique. 
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