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“I cannot move forward without my wins and my losses 

This is what makes me stronger 

becoming resistant 

When life is hard it challenges you 

if things were easy life 

would amount to nothing, it wouldn't be worth living 

I will fight for the things I love 

and whatever doesn't matter to me will fade into 

the darkness as quick as it appeared 

I leave behind a memory  

which will forever be treasured by others who finds it 

To be content with the pursuit is the ultimate goal 

I would like to be happy with where I am in life 

I want to enjoy it 

I live, I learn, I love 

and will love being free until the end.”   

                                                                              Marcquiese Burrell,1987 

  

http://www.poemhunter.com/marcquiese-burrell/poems/
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Abstract 

This thesis aims to analyze the behaviour of natural cyclodextrins and methylate 

cyclodextrins with colloidal particles - micelles of sodium decanoate and silver 

nanoparticles using Raman Spectroscopy and Surface Enhanced Raman Spectroscopy. 

We held the first part in the Molecular Physics Chemistry Department at the University 

of Coimbra and the second part in the Physics and Chemistry Department at University 

of Malaga.  

In the first part, we deal with sodium decanoate aqueous solutions, above and 

below the critical micellar concentration, that contain trimethyl--cyclodextrin or                              

-cyclodextrin. A method for calibrating Raman intensities of diluted aqueous solutions, 

based on the integrated intensity of the OH stretching bands of liquid water as an 

external intensity standard, is described and used to obtain a difference spectrum that 

reveals intensity changes mainly due the intermolecular interaction between two solutes. 

This method was applied to trimethyl--cyclodextrin in sodium decanoate aqueous 

solutions. The difference between the interaction spectra above and below the critical 

micellar contribution of sodium decanoate, in the CH stretching region between 2700 

and 3100 cm
-1

, shows an intensity increase of the CH stretching bands for                   

trimethyl--cyclodextrin above the critical micellar concentration of sodium decanoate, 

whereas -cyclodextrin is relatively insensitive to the presence of decanoate ion 

micelles in aqueous solution. This part of the thesis led to a publication entitled "Raman 

spectroscopic evidence for the inclusion of decanoate ion in trimethyl--cyclodextrin" 

[Annex 2].  

In Part II, we observed the interaction of native and methylate cyclodextrins with 

trans-cinnamic acid and silver colloidal particles using Surface Enhanced Raman 

Spectroscopy. Native cyclodextrins are adsorbed on the surface of silver colloidal 

particles via chemisorption through rim hydroxyl groups, stabilizing the colloidal 

solution during 45 minutes, whereas TRIMEB stabilizes silver nanoparticles during 90 

minutes. TRIMEB acts as a better surface stabilizer than CD, improving the stability 

of colloidal solution and preventing aggregation.   

Finally, native and methylated cyclodextrins exhibit different behaviours in 

presence of colloidal particles. TRIMEB is adsorbed on the surface of sodium decanoate 
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micelles , contrasting with CD which is not adsorbed by these micelles,. In presence of 

silver nanoparticles natural cyclodextrin is adsrobed on the surface of silver colloidal 

particles while methylate cyclodextrin is not adsorbed.   

 

Key words: Cyclodextrins, sodium decanoate, micelle, silver nanoparticles, Raman 

Spectroscopy, Surface Enhanced Raman Spectroscopy. 
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Resumo 

O presente trabalho visa analisar o comportamento das ciclodextrinas naturais e 

metiladas nas suas interações com partículas coloidais - micelas de decanoato de sódio e 

nanopartículas de prata e foi realizado no Departamento de Química-Física Molecular 

da Universidade de Coimbra durante três semestres, se onde utilizou a Espectroscopia 

de Raman, e no Departamento de Química-Física da Universidade de Málaga (um 

semestre), onde se recorreu à Espectroscopia de Raman com Intensificação à Superfície.  

A primeira parte deste estudo envolveu o estudo de soluções aquosas de 

decanoato de sódio, acima e abaixo da concentração micelar crítica, contendo trimetil-

ciclodextrina-β ou ciclodextrina-β. Um método para calibrar intensidades Raman de 

soluções aquosas, com base nas bandas de elongação OH da água líquida, como padrão 

de intensidade externa, é descrito e utilizado para obter um espetro de diferença que 

revela alterações de intensidade devido a interações intermoleculares entre dois solutos. 

Este método é aplicado à trimetil-ciclodextrina-β em soluções aquosas de decanoato de 

sódio. A diferença entre os espectros de interação acima e abaixo da concentração 

micelar crítica de decanoato de sódio, na região de CH entre 2700 e 3100 cm
-1

, mostra 

um aumento de intensidade nas bandas de elongação CH de trimetil-ciclodextrina-β 

acima da concentração micelar crítica de decanoato de sódio, ao passo que a 

ciclodextrina-β é relativamente insensível à presença de micelas de decanoato em 

solução aquosa. Este trabalho originou uma publicação intitulada "Raman spectroscopic 

evidence for the inclusion of decanoate ion in trimethyl--cyclodextrin" [Anexo 2].  

Na segunda parte deste estudo, observámos a interação das ciclodextrinas 

nativas e metiladas com ácido trans-cinâmico e as particulas coloidais de prata, por 

Espectroscopia Raman com Intensificação à Superfície. As ciclodextrinas nativas são 

adsorvidas quimicamente à superfície de partículas coloidais de prata através dos grupos 

hidroxilo presentes na cavidade externa da ciclodextrina estabilizando a solução durante 

45 minutos, enquanto a TRIMEB estabiliza a solução durante 90 minutos. 

Relativamente à βCD, a ciclodextrina metilada age como melhor estabilizador das 

nanopartículas, melhorando a estabilidade da solução coloidal e prevenindo agregação.   

Da análise dos dois estudos efectuados, concluímos que as ciclodextrinas 

naturais e as ciclodextrinas metiladas apresentam comportamentos diferentes na 

presença de partículas coloidais.  
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A TRIMEB é absorbida à superfície das micelas de decanoato de sódio, enquanto a 

CD não é adsorbida pelas micelas. Na presença de nanopartículas de prata, a 

ciclodextrina natural é adsorbida à superficie das particulas coloidais de prata, 

contrastando com a ciclodextrina metilada que não é adsorbida. 

 

Palavras-chave: Ciclodextrina, decanoato de sódio, micela, nanopartículas de prata, 

Espectroscopia de Raman, Espectroscopia de Raman com Intensificação à Superfície.  
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This thesis aims to analyze the behaviour of natural cyclodextrins (CDs) and methylate 

cyclodextrins (mCDs), by studying the influence of cyclodextrin methylation 

(replacement of OH groups by OCH3 fragments) in interactions with colloidal particles 

such as micelles of sodium decanoate (NaDec) and silver nanoparticles (Agnp) using 

Raman Spectroscopy and Surface Enhanced Raman Spectroscopy (SERS). We held the 

first part in Molecular Physical Chemistry Department at the University of Coimbra and 

the second part in Physical Chemistry Department at the University of Malaga, Spain 

(Annex 1).  

Cyclodextrins contain a hydrophobic cavity surrounded by a hydrophilic exterior 

composed of primary and secondary hydroxyl (OH) groups. This cavity can form 

inclusion complexes with a variety of hydrophobic guest molecules [76]. The relatively 

weak cyclodextrin - guest interactions will be analyzed by Raman Spectroscopy.  

It has been shown by small-angle neutron scattering (SANS) that ammonium 

decanoate in deuterated water (D2O) solution originates spherical micelles [12-17], with 

the occurrence of a critical micellar concentration (CMC) approximately equal to       

116 mM. With an increase of temperature, the mobility of decanoate ion chains in the 

micelles is improved and the methyl groups tend to spend more time near the micelle-

water interfaces [3]. Applications of Raman Spectroscopy in amphiphile-water systems 

have shown that this technique provides information on the structure of the hydrocarbon 

chain regions [53].  

 When a cyclodextrin is added to a 200 mM perdeuterated sodium decanoate 

NaDec(d19) solution in D2O (CMC = 116 mM), methylate cyclodextrins shows 

correlation peaks in SANS I(Q) distributions that reflect the degree of methylation, 

whereas αCD and βCD do not originate any correlation maximum [4], a result which 

seems to exclude the formation of mixed micelles, at least for this surfactant with the 

above mentioned concentration [4]. Hence, the  study by SANS suggests that methylate 

cyclodextrins are adsorbed on the surface of the decanoate micelles, giving rise to a 

balance between molecules in aqueous solution and the molecules adsorbed by micelles 

(Figure 1). On the other hand, unsubstituted CDs weren’t adsorbed by micelles, keeping 

an inclusion equilibrium in aqueous solution with the decanoate ion [4].  
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The different behaviours of methylate and natural cyclodextrins with sodium 

decanoate micelles find some support on the experimental determination of dielectric 

permittivity (Ɛr) in a interface mica-water, by atomic force microscopy (AFM). In this 

interface [76] the relative permittivity equals 4 (liquid paraffin has Ɛr = 4.8) and 

increases to Ɛr = 80 about 100 Å away from the interface within the aqueous solution 

(Figure 2). In fact, the dipoles of the water molecules in free region of electric double 

layer are closely aligned, resulting in a much lower dielectric permittivity on the interior 

of water.  

The connection of these results with the different modes of interaction between 

methylate and non-substituted cyclodextrins with sodium decanoate micelles appears to 

be understandable: the mCDs are more likely to be adsorbed on the surface of sodium 

decanoate micelles than the natural CDs, because they experience an environment with 

a permittivity lower than the water inside so, more energy consistent with the relative 

permittivity of the own mCDs [78]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - SANS results for a solution of sodium decanoate perdeuterated 200 mM in D2O at room temperature in the 

presence of a cyclodextrin ([CD]0=30 mM) [4]. 
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Figure 2 - Variation of permittivity from the electric double layer in a mica-water interface to the interior of the 

water. The figure shows the variations to pure water and an aqueous solution of 1 mM of lithium chloride [78]. 

 

 Surface Enhanced Raman Spectroscopy is a more sensible tecnhique than 

Raman Spectroscopy, being ideal to observe raman spectra with a significant intensity. 

SERS exhibit an intensification of Raman signal for molecules adsorbed on metallic 

surfaces 10
5
-10

6
 times more intense than the same non-adsorbed species [45] and has 

been widely used to study the adsorption of large groups of molecules including 

carboxylic acids and amino acids on metal surfaces. In particular, SERS studies [15] 

suggest that 3-phenylpropionic acid (hydrocinnamic acid) is adsorb on silver surface 

through the carboxylate group, with the chain of the substituent being extended along 

the metal surface. Keeping in mind the work of SANS [4], we will look at the 

interactions between silver colloidal particles with trans-cinnamic acid (t-CIA) and 

cyclodextrin molecules and compare native and methylate cyclodextrins behaviours.  
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1 – COLLOIDAL PARTICLES  

 

 
1.1 - SODIUM DECANOATE MICELLES 

 

Surfactants (or ‘surface active agents’) are organic compounds with at least one 

lyophilic (‘solvent-loving’) and one lyophobic (‘solvent-fearing’) group in the 

molecule. In simplest terms, a surfactant contain at least one non-polar fragment and 

one polar (or ionic) group. Aggregates of surfactant molecules depend on concentration 

and shape varying from spherical, to cylindrical and lamellar forms. The aggregation 

process is called ‘micellization’ and the aggregates are known as ‘micelles’. Micelles 

begin to form at a distinct and frequently very low concentration known as ‘critical 

micelle concentration’ or ‘CMC’. In aqueous media, they lead to hydrophobic domains 

within the solution, whereby the surfactant may solubilize or emulsify particular solutes. 

Hence, surfactants will modify solution properties at interfaces and in the bulk [63]. 

As the surfactant concentration increases, the available area at the surface for 

surfactant adsorption decreases and surfactant monomers starts accumulating in the 

solution bulk. However, the hydrophobic tail of the surfactant molecules has extremely 

small solubility in water and the hydrophilic head has extremely small solubility in non-

polar solvents. Hence, the hydrophobic effect will drive surfactant monomers to form 

self-assembled aggregates above certain aggregate concentration. These aggregates are 

micelles, vesicles, liquid crystals and reverse micelles and exist in equilibrium with the 

surfactant monomers [53]. The monomer concentration in a micellar solution increases 

as the total concentration increases and multiple equilibrium is estabilished among 

monomers, pre-micellar aggregates, and micelles. Relatively small energy is required to 

overcome the barrier between the monomeric and aggregated states [49]. 

A study by nuclear magnetic resonance (NMR) proton of the variations in 

chemical shift of the methyl group of sodium decanoate (CH3(CH2)8COO
-
Na

+
 = NaDec) 

in deuterated water solutions showed micelle formation with critical micellar 

concentration [22] approximately equal to 116 mM (Figure 3). 
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Figure 3 - Variation of the chemical shift of the methyl protons of sodium decanoate Δδ times C0 = [NaDec]0, ΔδxC0, 

in function of C0 [22]. 

 

The chemical shift variation Δδ is the difference between the chemical shift of 

the methyl protons of decanoate anion into the solution as a monomer, and the micelles. 

The article concludes that the product of  times C0 is proportional to the 

concentration of the decanoate monomers in the micelles, C0 [22].
 
Hence, below the 

critical micelle concentration, micelles do not formed (Cn = 0), and above the critical 

micelle concentration, xC0 increases linearly with C0.  

 

1.2 - SILVER NANOPARTICLES 

A colloid is a solution that contains particles ranging from 1 and 1000 nanometers in 

diameter and is still able to remain evenly distributed throughout the solution. They are 

also known as colloidal dispersions because the colloidal particles remain dispersed and 

do not settle to the bottom of the container [63]. 

Metal colloids and colloidal aggregates provide a particularly rich example of 

local electromagnetic enhancement with several authors suggesting that protrusions on 

the surface of colloidal particles, lead to giant enhancements of the local field, up to a 

factor of 10
14

–10
15

. Aggregation of metal particles leads to the formation of aggregates 

with roughness and fractal morphology necessary to render intense Raman spectra [37]. 
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Noble metal (Ag, Au) colloids have been widely employed in Surface Enhanced 

Raman Specrtroscopy. Among the methods employed to obtain metal colloids the 

chemical reduction of silver nitrate with citrate
 

[43] produces a more uniform 

distribution of particle sizes and it was found that SERS intensity increases, as the size 

of the silver particles becomes larger (average diameter about 50 nm). However, a 

continuous increase of the particle size (100 – 130 nm) leads to lower SERS intensity 

signal [64]. Thus, one of the advantages of metal colloids is the possibility to control 

and modify the particle size and shape by choosing adequate experimental conditions. 

Silver (Ag) offers two major advantages: SERS enhancement factor is 10 to 100 times 

higher, and it can be excited from the ultra violet (UV) to the infrared region (IR) [1]. 

The preparation of silver nanoparticles (Agnp), is commonly done by reducing 

silver ions in a solution, usually aqueous media, and preventing particle growth by using 

stabilizing agents such as surfactants and polymers. Citrate and hydroxylamine anions 

with sodium hydroxide were used as reducing agents at elevated temperatures and the 

aggregation speed of nanoparticles were controlled by adding chloride anions [42-44].  

At ice temperature, borate anions were used to reduce silver ions to produce 

aggregated silver nanoparticles [21]. In all cases, its important to control the reduction 

speed by adding anions and/or controlling temperature to produce colloidal solutions 

[28]. Apart from stabilizing the colloid through steric or electrostatic repulsion, 

stabilizers also modify the nanoparticles reactivity and functionality depending on their 

chemical properties and the type of interaction they form with Agnp surfaces. 

Silver nanoparticles are found in a wide and diverse range of applications such 

as photonic and photovoltaic devices, conductive inks or antimicrobial coatings. These 

nanoparticles also have properties such as a high ability of resistance to oxidation and 

optical properties [54]. 

 

2 – SUPRAMOLECULES AND MOLECULES 

2.1 – CYCLODEXTRINS 

Cyclodextrins α, β and γ are a family of cyclic oligosaccharides ring-shaped, consisting 

of 6, 7 and 8 D-glucoses linked by α(1-4) linkages. They are also known as 

cycloamyloses, cyclomaltoses and Schardinger dextrins. They are produced as a result 
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of intramolecular transglycosylation reaction from degradation of starch by cyclodextrin 

glucanotransferase (CGTase) enzyme [82, 26]. In 1903, Schardinger was able to isolate 

two crystalline products, dextrins A and B, which were described with regard to their 

lack of reducing power. Schardinger named his crystalline products ‘crystallized dextrin 

α’ and ‘crystallized dextrin β’ [26]. 

β-cyclodextrin (βCD), a native cyclodextrin, has a homodromic chain (same 

direction) of hydrogen bonds in the wider edge, even when in aqueous solution. This 

homodromic chain helps to confer conformational rigidity to the βCD [74]. Apart from 

these naturally occurring cyclodextrins, many cyclodextrin derivatives have been 

synthesised. These derivatives are usually produced by aminations, esterifications or 

etherifications of primary and secondary hydroxyl groups of the cyclodextrins[76, 65]. 

Figure 4 show representations of cyclodextrin-β (βCD) and heptakis(2,3,6-tri-O-

metil)-cyclodextrin-β (TRIMEB). Methylate cyclodextrin has a central cavity that is 

partially obstructed by a methyl group. The cavities of the cyclodextrins exhibits 

predominantly hydrophobic characteristics. 

 

 

Figure 4 - Cyclodextrin-β and TRIMEB: representations by tubes (red vertices indicate atom O; gray vertices indicate atom C; 

white extremities indicate atom H) optimized structures in molecular mechanical calculations using the UFF method (Universal 

Force Field), carried out by system Gaussian09 program.  

 

Figure 5 represents each cyclodextrin by an electronic isodensity surface (= 

locus of points with the same electron density). This surface it’s represented by the 

electrostatic potential of rainbow colors. A dark red area indicates a high electron 

density (negative electrostatic potential), while a dark blue area indicates a positively 
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charged region (positive electrostatic potential). The central cavity has approximately 

zero electrostatic potential, represented by color green. 

 

 

Figure 5 - β-cyclodextrin and TRIMEB: Surface electronic isodensity (isovalue = 0.00040) mapped with electrostatic 

potentials obtained with software Gaussian09 and calculations using B3LYP / 3-21G // UFF. 

Neutron scattering studies revealed that βCD is strongly rigidified by 

intramolecular hydrogen bonds between the secondary hydroxyl group of adjacent 

anhydroglucose unit, leading to a very low aqueous solubility (1.85% w / v, 25° C)   

[85, 80]. The conformational stabilization of βCD is lost upon replacement of the OH 

groups for the CH3, methylate cyclodextrins are less hydrated than the native ones [88]. 

The water solubility coefficient is positive for natural CDs, because solubility increases 

with temperature but is negative for methylate CDs, which are more soluble in cold 

water than in hot water where they crystallize [39]. 

   

2.1.1  - Cyclodextrin – guest interaction  

In aqueous solution, cyclodextrins and their derivatives are specially known for their 

ability to form inclusion complexes with reversible nonpolar molecules (Figure 5). The 

inclusion of a guest molecule in the cyclodextrin cavity consists of replacing some or all 

water molecules within the cavity by the guest molecule whose dimensions fits the 

cavity [76]. In the cyclodextrin interior can occur polar - apolar, Van der Waals and 
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electrostatic interactions. The inclusion of a guest molecule into cyclodextrin cavity can 

be measured by a constant inclusion, Ka [19, 33, 75].  

The cyclodextrin – guest  inclusion complex is a function of two key factors. 

The first is steric and depends on the size of the cyclodextrin, the guest molecule and 

also the functional groups within the guest and the second critical factor being 

thermodynamic interactions between the different components of the system 

(cyclodextrin, guest, solvent). For a complex to form there must be a favorable net 

energetic driving force that pulls the guest into the cyclodextrin [24]. 

Researchers have studied the formation of the inclusion complex of some 

molecules, but few studies include conclusive techniques for confirmation of the 

inclusion complex. Only nuclear magnetic ressonance spectroscopy has been used to 

provide conclusive information at molecular level. However, Raman Spectroscopy, 

Fourier Transform Raman Spectroscopy (FT-Raman) and Fourier Transform Infrared 

Spectroscopy (FT-IR) are considered excellent tools for studying the formation of 

inclusion complex.  

 

2.2 - CINNAMIC ACID 

The molecule, trans-cinnamic acid, is mostly found naturally in many spices such as 

cranberries, prunes, cinnamon, and cloves; provides a natural protection against 

pathogenic organisms [16] and has a great medicinal interest through their                 

anti-inflammatory, anti-tumoral and antioxidant properties. Storage conditions such as 

temperature, light, and pH should be controlled and kept constant to ensure the least 

amount of variability [23]. 

Cinnamic acid is a lipophilic weak acid and is slightly soluble in aqueous 

solutions, due to the fact that contain a propenoic chain, which results in a poor 

solubility and low bioavailability. Cyclodextrins can be used to improve the solubility 

and stability of trans-cinnamic acid. The constant inclusion of t-CIA change in the 

presence of cyclodextrins due to diameter of cyclodextrins[18]. 

Organic compounds with an aromatic ring have a favoured interaction with the 

cyclodextrin cavity and are suitable guest molecules to include in CDs [9, 10, 62]. 
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Cinnamic acid in addition to an aromatic ring present a carboxyl group that allows the 

occurrence of hydrogen bonds interaction with hydroxyl group of CDs[8].  

Experimental results using dissolution studies and thermal gravimetric analysis 

demonstrated that cinnamic acid form an equimolar ratio of 1:1 stoichiometric inclusion 

complex with βCD by non-covalent bonds [79]. Nuclear magnetic ressonance studies 

have shown slight changes with the guest and host when complex formation occurs. 

Protons (H-3 and H-5) within the cyclodextrin cavity shift to a higher field when 

complexed with cinnamic acid. These chemical shifts suggest that phenyl group is 

inside the cyclodextrin cavity (Figure 6) [81].  

 

 

 

 

 

 

 

 

 
 

 

Figure 6. Proposed Structure of Inclusion Complexes of Cyclodextrins with Cinnamic Acids [81]. 

 

Cinnamic acid and α-cyclodextrin, (αCD), complement one another in size and 

shape, yielding a complex that is effective and produces higher magnitudes of extrinsic 

optical activity. Within the inclusion complex, the diameter of αCD is smaller and better 

host the cinnamic acid due to the benzene ring, as compared to the others cyclodextrins 

[81]. Benzene ring will fit in both α and β cyclodextrin as their interiors range from 6 to 

8 Å.   

 

3 – VIBRATIONAL SPECTROSCOPY 

3.1 - RAMAN SPECTROSCOPY 

In Raman Spectroscopy the sample is irradiated with a laser and the diffused light is 

normally seen in the perpendicular direction to the incident beam. The diffused light has 

two sources: one is called Rayleigh diffusion, formed by radiation with the same 
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frequency as the incident beam; another, called Raman diffusion, which is very low 

(~10
-5

 of the incident beam) and have frequencies 0 ± m, where m is the molecule 

vibrational frequency. The lines 0 - m and 0 + m are called anti-Stokes and Stokes, 

respectively. Thus, Raman spectrum is typically recorded in Stokes region, being 

Raman shift m, on the horizontal axis of the spectrum (Figure 7) [29]. 

 

 

Figure 7. Electronic - vibrational energy states diagram involved in Raman Spectra [61].
 

 

 The Raman effect consists on the inelastic scattering of monochromatic light 

from a laser. The electrical field of the incident radiation on sample induce a dipole 

moment in the molecule [45]. The relationship between the induced dipole moment and 

the electric field is established by polarizability, ,  of the molecule trought the equation   
  

𝜇𝑖𝑛𝑑 = 𝛼 �⃗⃗� 
 

 In a molecule the polarizability tensor is represented with a cartesian axis 

system, a 3x3 matrix with matrix elements αxx, αxy, αxz, αyx, αyy, αyz, αzx, αzy, αzz. 

Generally, this matrix is real and symmetric. In the equation above, the electric field of 

the radiation is oscillatory and the induced dipole moment is also oscillating. For a 
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active Raman vibration, the polarizability must present a non-zero variation on the 

coordinated vibration, where Qi represent the coordinate i of the molecule vibration. 

𝜕𝛼

𝜕𝑄𝑖
 ≠ 0 

 Raman spectroscopy is particularly sensitive to weak interactions. To 

understand this statement, it should be recognized that, in general, weak interactions are 

dispersion interactions, resulting from induced dipole - induced dipole interactions [45]. 

Considering the interaction system of two atoms, the energy dispersion is approximately 

given by expression London, 

𝐸𝐴𝐵
𝑑𝑖𝑠𝑝

≈ −
3

2

𝐼𝐴𝐼𝐵

𝐼𝐴 + 𝐼𝐵

∝𝐴∝𝐵

𝑅6
 

 

where IA e IB are the first ionization energy of the atoms A and B, R is the distance 

between them. The energy dispersion depends on the polarizabilities wich also influence 

the intensities of Raman bands in the spectrum. 
Raman spectra have on the ordinates axis Raman intensities and on abscissa, the 

Raman shifts, commonly expressed in wavenumbers (unit cm
-1

). The most important 

frequencies for identification of organic compounds occur in the region of 4000 to 1300 

cm
-1

. In this region we know the functional groups present in the unknown substance. 

The region of lower frequencies, 1300-250 cm
-1

, is often called the fingerprint region, 

and the lines observed in the spectrum are the characteristics of the molecule as a whole. 

The origin of these spectral lines is complex, involving vibrations of angular 

deformation, vibrations between the same or similar masses. Although, the angular 

vibration can present values that allow diagnoses, most of them are strongly influenced 

by changes in the rest of the molecules [77]. 

There are many advantages and disadvantages in Raman Spectroscopy. 

Referring to Resonance Raman effect (RR) is possible to selectively increase the 

vibration intensity of a particular group in the molecule. This is particularly 

advantageous in vibrational study of biological molecules that possess a chromophoric 

group. Since the diameter of the laser beam is normally 1-2 mm, only a small area of the 

sample is required to obtain Raman spectra [29]. 
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Since water is a weak diffuser, Raman spectra for aqueous samples can be 

obtained without much interference of water vibrations. Thus, Raman spectroscopy is 

ideally suited for biological studies of compounds in aqueous solution. Raman spectra 

of hygroscopic compounds and / or air sensitive may be obtained by placing the sample 

in a sealed glass tube, the region of 4000 to 50 cm
-1

 can be withdrawn all together. 

Despite its great use,  this spectroscopy has some disadvantages [29]. The use of 

a laser as a radiation source cause heating and / or photo-decomposition of the sample, 

especially in Raman Spectroscopy where the laser frequency is deliberately "tuned" on 

absorption band of a molecule. Another disadvantage is the presence of fluorescence 

that obscures or hinders the observation of Raman bands [29].  

While Raman spectra are normally associated with vibrational transitions in 

liquids and solids, is possible to record a Raman spectra associated with electronic 

transitions between minimum and excited energy states. The difusion of Resonance 

Raman occurs when the excited state involve intercepts energy of multiple excited 

electronic state. In liquid and solid, vibration levels are extended to produce a 

continuum whereas in gaseous state, there’s a series scale of discrete levels [77]. 

Raman Spectroscopy has advanced tremendously in recent years and has 

increased applications in pharmaceutical industry. Raman spectra of cyclodextrins 

present free regions of bands that can be used as windows for monitoring relevant guest 

modes, such as stretching vibration of double bonds (C=C), (C-O) and aromatic (C-H) 

bonds [67]. 

 

3.2 - SURFACE ENHANCED RAMAN SPECTROSCOPY 

Surface Enhanced Raman Spectroscopy was first documented in 1974 when Fleischamn 

et al [30] demonstrated that Raman signal of pyridine adsorbed on an electrochemical 

roughened silver electrode was many times greater than expected. Because the voltage 

applied to the electrode affected the signal level it was attributed to an increased surface 

coverage of pyridine on electrode. A few years after, Van Duyne et al [38] managed to 

quantify the phenomenon and found an enhancement or increase in Raman cross section 

of the adsorbed pyridine molecules.
 
This, lead to conclude that the increase of the 
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Raman signal was due to an unique electromagnetic environment present in the 

roughened silver in which pyridine was adsorbed [38].  

Numerous other observations
 
[25, 41, 57] were made in the subsequent years in 

order to understand the electromagnetic explanation for Raman enhancement, which 

became universally known by the acronym SERS [48], stand for Surface Enhanced 

Raman Spectroscopy. Since its discovery in 1974, SERS has become widely used, 

offering many advantages over other techniques such as FT-IR Spectroscopy, Ultra 

Violet-Visible-Near Infrared (UV–vis-NIR) Absorption, X-Ray Photoelectron 

Spectroscopy, Mass Spectrometry and others [71]. 

A plasmon resonance is a core process in SERS and mostly silver (Ag) and gold 

(Au) metals are used as substrates because of surface plasmon resonance in visible 

region. Metals like Al, Ga, In, Pt, Rh, and alkali metals (Li, Na, K, Rb and Cs) can also 

be used as substrates in SERS but enhancement is low compared to Ag and Au [68]. 

The use of some metal colloids allows to study the adsorption of many organic 

molecules. Its highly sensitivity permits an accurate structural study of many molecules 

at very low bulk concentrations. The first study carried out on saturated aliphatic acids 

was by Moskovits and Suh, which focused on the SERS spectra on silver hydrosols of 

monocarboxylic (from valeric to decanoic) and dicarboxylic (from oxalic to suberic) 

acids [51]. The intensity observed in SERS usually exceeds by a factor of 10
5
–10

6
 and 

in special cases 10
12

–10
14

 is observed in normal Raman scattering. Moreover, the SERS 

effect becames even stronger if the frequency of excitation light its in resonance with 

absorption band of the molecule [37]. 

 

3.2.1 - Electromagnetic Enhancement Mechanism 

Surface Enhanced Raman Scattering is a complex phenomenon capable of producing an 

enormous enhancement of Raman signal of some molecules adsorbed on the surface of 

some metals, specially silver. Over the years, groups have aimed to maximize the 

enhancement factor (EF), with reporting numbers as high as 10
14

 [46]. 

SERS obey two different rules, electromagnetic enhancement mechanism (EM) 

that study the strengthening or weakening of specific Raman/SERS bands in order to 

decide the molecular orientation and geometrical configuration of the adsorbed species 
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on metal surface. The selection rules of EM relate to perpendicular or parallel 

orientation of planar molecules with respect to the surface, with a consequent 

enhancement of in-plane or out-of-plane normal modes, respectively [52]. The 

electromagnetic mechanism suggest that electromagnetic resonance of the metal 

nanoparticle (now termed localized surface plasmon resonance) underpins the 

enhancement and it’s independent of bonding between the analyte and the metal surface 

[36]. Using theoretical frameworks, this electromagnetic mechanism can be used to 

explain enhancement factors of 10
4
-10

8
, and depends approximately on magnitude of 

the incident electric field [𝐸(𝜔)] raised to the fourth power, 

 

𝐸𝐹𝐸𝑀 ∝ |𝐸(𝜔)|2|𝐸(ώ)|2 ≈ |𝐸(𝜔)|4 

 

E(ω) is the frequency-dependent electric field at incident frequency ω, and E(ώ) 

is the frequency-dependent electric field at Stokes shift frequency ώ. From this equation 

the maximum EFEM lie between the plasmon frequency and the Stokes frequency. The 

Stokes shift is normally small relative to the frequency of the laser; therefore the 

equation is usually approximated as, 

 

𝐸𝐹𝐸𝑀 ∝ |𝐸(𝜔)|4 

 

There is a small enhancement in Raman intensity compared with absence of 

surface, on the order of a factor of 10 or less for metals like Ag, arising primarily from 

coherent superposition of the incident and reflected fields at position of the molecule 

doing the scattering [66]. If the surface under consideration is roughened, then the 

electrodynamics of irradiated surface become much more interesting. The key is that 

surface plasmons can now be excited by electromagnetic radiation, resulting in 

enhanced electromagnetic fields close to the surface (Figure 8) [66].
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Figure 8. Electromagnetic Enhancement Mechanism. The metal nanoparticle experiences a electromagnetic field 

E0 which produces an oscillating dipole moment in the nanoparticle [69].
 

 

3.2.2 - Chemical Enhancement Mechanism 

However, the fact that chemical enhancement mechanism (CM), is nowadays 

recognized as general in SERS, it doesn’t account for the selective enhancement of 

bands with the same symmetry which, in turn, could be explained throught the presence 

of charge transfer (CT) enhancement process [5]. Chemical enhancement accounts for 

10-100 (relatively small, but nevertheless important) of the total enhancement factor and 

requires the molecule to be in direct contact (bonded) with the surface of the metallic 

nanostructure [13]. These are strongly dependent on the nature of the molecule, the 

metal and the particular experimental conditions, and can be envisaged as a resonant 

photo induced electron transfer process between the metal and the molecule.  

The charge-transfer mechanism occurs when the wave functions of the molecule 

and the metal overlap. In this case, the enhancement process occurs in a five-step 

method. First, the metal absorbs the photon and excites the surface plasmon resulting in 

a hot electron state. The hot electron gets transferred to the lowest unoccupied 

molecular orbital (LUMO) of the molecule. The increase in LUMO electrons leads to an 

increased of Raman signal due to a bigger probability of electron-phonon coupling in 

the Raman scattering tensor. The energy is then transferred to the molecule, which is 

used to excite the molecule into an excited electronic state. The molecule relaxes and 

the energy is transferred back to the metal, from the LUMO, which in turn re-radiates 

the new photon with Stokes shifted frequency.  
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Despite solid theoretical modeling, this mechanism remains controversial because of the 

difficulty in experimentally isolating charge transfer contributions (Figure 9) [50]. 

 

Figure 9. Chemical Enhancement Mechanism. HOMO and LUMO interact with the metal surface and are broadened 

into resonances [69]. 

 

Chemical mechanism is similar to Resonance Raman and therefore an electron is 

transferred from the Fermi level of the metal to vacant orbitals in adsorbate, for which 

the excited state would be equivalent to radical anion of these neutral molecules. 

Therefore, the resonance condition is determined by the position of the Fermi level and 

by the energy of incident photon [6]. 

Resonance Raman differs from normal Raman in a way that molecule is able to 

absorb the incident radiation through normal electronic absorbance transition and occurs 

a conventional electronically excited state. In this mechanism the relatively         

narrow-band Raman spectrum superimposed upon the fluorescent emission band of the 

molecule is often observed [70]. However, since there’s fluorescent emission that is 

proportional to square root of intensity of fluorescent signal, this method is often used. 

On the other hand, when fluorescent emission is suppressed, either by quenching 

through proximity to a metal surface or in other time-resolved motifs, then electronic 

resonance contribute substantially to detectability of Raman signal [35]. 

Some chemical transformations or decompositions of different types have been 

reported in SERS experiments, such as polymerizations, isomerizations, 

photodecompositions and hydrolysis reactions [20]. 
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CM isn’t usually considered when analyzing a SERS spectrum. This is probably 

because of a rather complex effect occurring at atomic or nanometric scale and related 

to transitions between the ground electronic state of the adsorbate-metal (A-M) system 

and charge transfer excited levels. These electronic transitions of the surface complex 

are very difficult to be observed directly [7]. 
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EXPERIMENTAL SECTION 
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1. MATERIALS AND METHODS 

1.1 – RAMAN SPECTRA  

1.1.1 - Materials 

Sodium decanoate (NaDec, Sigma, 98%), water Milli-Q, β-cyclodextrin (βCD, Aldrich, 

97%) and heptakis(2,3,6-tri-O-metil)-β-cyclodextrin (TRIMEB, CycloLab 99,5%). 

 

 

 

 

 

 

Figure 10 - Procedure for preparing the solutions (schematic). Numerals stand for concentrations (mM). 

 

1.1.2 - Samples 

Milli-Q water was used in the preparation of all solutions and mixtures. All glassware 

was carefully washed with ethanol and dried before use. Five ml volumes of 60 mM and 

200 mM sodium decanoate solutions were prepared by slow addition of appropriate 

amounts of sodium decanoate to Milli-Q water, with constant stirring. Each of these 

solutions was divided in two equal volumes and appropriate amounts of cyclodextrin 

(CD or TRIMEB) were added to each of them to obtain solutions 30 mM in the 

cyclodextrin.  

The following aqueous solutions were obtained: 60 mM and 200 mM in sodium 

decanoate (D60 and D200), 30 mM in the cyclodextrin (CD or TRIMEB), 30 mM in 

the cyclodextrin and 60 mM in sodium decanoate (B30D60 and T30D60) and 30 mM in 

the cyclodextrin and 200 mM in sodium decanoate (B30D200 and T30D200).  

 Stock solution of NaDec  

2 vols 200/60 

 

1 vol solution of NaDec 

200 + CD 30 

1 vol solution of NaDec 

60 + CD 30 
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While the solubility of CD at room temperature in water is 1.85 g/100 mL
 
[80], that is, 

ca. 16.3 mM, its solubility in excess of sodium decanoate is far greater due to the 

formation of the inclusion complex, thus making possible to prepare the above sodium 

decanoate aqueous solutions 30 mM in CD, at room temperature (Figure 10). 

 

1.1.3 - Raman Spectrometer  

Raman spectra (Figure 11) were obtained at room temperature (20-21ºC), with a 

T64000 triple stage spectrometer in the double subtractive plus spectrograph 

configuration (focal distance 0.640 m, aperture f/7.5, holographic gratings of 1800 

grooves mm
-1

). A 90º geometry between the incident radiation and the collecting system 

was employed. The entrance slit was set to 200 m and the intermediate slit between 

premonochromator and spectrograph was set to 30 mm. The detection system was a 

liquid nitrogen cooled non-intensified 1024 x 256 pixel (1") charge coupled device chip. 

The 514.5 nm line of an Ar
+
 laser (Coherent, model Innova 300-05) was used as 

excitation radiation, providing ca. 15 mW at the sample position. The samples were 

sealed in Kimax capillary tubes of 0.8 mm inner diameter. The spectra were collected 

with an acquisition time of 60 s for 10 accumulations. Under the above conditions, the 

error in the determination of frequencies is estimated to be 1 cm
-1

. 

 The Raman spectrometer control and data processing were performed using the 

LabSpec 5.0 (Horiba, France) software, that carry out baseline corrections to the 

spectra, apply a scaling factor to the band intensities of a spectrum, add and subtract 

data. All spectra were recorded from 300 cm
-1

 to 3800 cm
-1

 and a polynomial baseline 

correction of degree 6 was applied.  

 

Figure 11 - Jobin Yvon T64000 spectrometer-triple monochromator. 

Source: Vibrational Laboratory from Molecular Physics and Chemistry Department of University of Coimbra. 
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1.1.4 - Frequency Calculations 

Frequency and Raman intensity calculations were performed by the system of programs 

Gaussian 09
 
[31], with the B3LYP DFT method and the 6-31 + G(d,p) basis set, the 

frequencies being scaled by the factor 0.964 ± 0.023
 
[55]. Optimized geometries for the 

inclusion of decanoate ion in CD and in TRIMEB were treated with the ONIOM 

method for two layers, the high layer being composed by the decanoate ion and one 

glucosidic unit of the cyclodextrin and treated at the B3LYP/6-31 + G(d,p) level, the 

low level being taken at the Molecular Mechanics UFF method. In the absence of 

interglucose hydrogen bonds, TRIMEB shows a somewhat distorted macrocycle. Tables 

1 and 2 present the calculated (scaled) frequencies (cm
-1

) of peak intensities in the CH 

stretching region, their approximate descriptions and the observed frequencies.  

 

Table 1. Calculated (scaled) frequencies (cm
-1

) of peak intensities, in the CH stretching 

region, for the 1:1 inclusion complex of decanoate ion in CD (Glu=glucose unit; 

s=symmetric, as=antisymmetric), and observed Raman shifts for the B30D200 

spectrum. 

 

Glu_Dec approx.description observed Raman shifts / cm-1 

2854  (Glu) CH 2856 

  2875 

2889, 2907  (Dec) CH2 s 2902 

2918   (Glu) CH2 s + (Dec) CH3 s 2920 

2934 (Dec) CH2 as 2939 

2951 (Glu) CH + (Dec) CH2 as  

2982 (Dec) CH3 as 2970 

2996 (Glu) CH2 as 2999 

3005  (Glu) CH  
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Table 2. Calculated (scaled) frequencies (cm
-1

) of peak intensities, in the CH stretching 

region, for the 1:1 inclusion complex of decanoate ion in TRIMEB 

(Tmg=trimethylglucose unit; s=symmetric, as=antisymmetric), and observed Raman 

shifts for the T30D200 spectrum. 

 

 

Tmg_Dec approx.description observed Raman shifts / cm-1 

2857  (Tmg) CH3 s 2857 

2882, 2889  (Tmg) CH2 s, (Dec) CH2 s 2889 

2902  (Tmg) CH3 + (Dec) CH2 s   

2917, 2927 (Dec) CH2 s 2931 

2935, 2948  (Dec) CH2 as 2943 

2953, 3053  (Tmg) CH  

2982  (Dec) CH3 as  

3009, 3013 (Tmg) CH3 as 3008 

 

1.1.5 - Spectra Decomposition in Lorentzian-Gaussian Functions 

Raman spectra between 2700 cm
-1

 and 3100 cm
-1

 were decomposed using Mathematica
 

[87] as the linear combination a L + (1 - a) G, where  

 

L () = Imax  / [  ( - max)
2
 + 1 ]         G () = Imax exp[- ( - max)

2
 ] 

 

represent Lorentzian and Gaussian band shapes (Imax and max are the intensity and 

frequency at the maximum) and a represents the fraction of the Lorentzian character   

(1-a is the fraction of Gaussian character). In this fitting, the variable parameters were 

the Raman shifts at the maxima, the intensities at zero shifts, full widths at half height 

(FWHH) and the a parameters. The Raman shifts at the maxima were initially set by 

trial and error, followed by the fitting of the FWHH values and intensities at zero shifts. 

The a parameters were fitted at last. 
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1.2 – SURFACE ENHANCED RAMAN SPECTRA 

1.2.1 - Materials 

Water milli-Q, β-cyclodextrin (βCD, Aldrich, 97%), heptakis(2,3,6-tri-O-metil)-β-

cyclodextrin (TRIMEB, CycloLab 99,5%), silver nitrate (AgNO3), sodium borohydride 

(NaBH4), sodium sulfate (Na2SO4), sodium hydroxide (NaOH), hydroxylamine 

hydrochloride (NH2OH.HCl), trans-cinnamic acid (t-CIA, Sigma-Aldrich, 97%). 

 

1.2.2 - Colloid Preparation 

The sodium borohydride colloidal solution was prepared with Milli-Q water according 

to the method described by Creighton et al [21]. Consist of reducing an aqueous 

solution of 10
-3

 M AgNO3 with an excess of NaBH4. To this end, 10 mL of 10
-3

 M 

AgNO3 was drop wise added with stirring to 30 mL of previously cooled 2x10
-3

 M 

NaBH4. After vigorously stirring the mixture for about one hour, the initial dark colour 

was gradually replaced by a yellow colour (Figure 12) which is an indication of a 

colloidal solution. The mixture was allowed to rest at room temperature for one day.  

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Silver borohydride colloidal solution. 
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The hydroxylamine colloid solution [44] consists of reducing an aqueous 

solution of 10
-2

 M AgNO3 with an excess of NH2OH.HCl. To this end, 10 mL of 10
-3

 M 

AgNO3 was drop wise added with stirring to 90 mL of 1.66x10
-3 

M NH2OH.HCl. 

Before adding AgNO3, 300 μL of NaOH 1M was added to the solution of NH2OH.HCl 

to control the pH solution. After vigorously stirring the mixture, a gradually dark yellow 

colour appeared (Figure 13) which is an indication of a colloidal solution. The mixture 

was allowed to rest at room temperature for one day. 

 

 

 

 

 

 

 

 

 

 

Figure 13. Silver hydroxylamine colloidal solution. 

 

1.2.3 – Samples 

Stock solution of t-CIA with concentration 30 mM was prepared for a volume of 10 ml, 

5 ml of Milli-Q water and 5 ml of sodium hydroxide 1M. Cinnamic acid reacted with 

sodium hydroxide to give sodium t-cinnamate and water, according to 

 

t-CIA + Na
+
OH

-
 Na

+
t-CI

-
 + H2O 

 

After the stock solutions were prepared, 700 μL of CD were removed, placed in 

an eppendorf and added to 700 μL of t-CIA (Figure 13). This combined solution is       

15 mM in t-CIA and 15 mM in CD, with the acid in a ratio of 1 t-CIA : 1 CD. Then,     

10 μL of t-CIA and t-CIA_CD were removed and added to the colloidal solution. After 
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a while a change in colour was observed. The effect of time in the colloidal solutions 

were studied and observed its influence on the recorded spectra 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Procedure for preparing the solutions (schematic). 

 

1.2.4 - UV-VIS Spectrophotometer 

Absorption spectrum of silver colloid borohydride (Figure 12) was obtained with an 

Agilent 8453 diode array spectrophotometer over a wavelength range of 300-800 nm. 

UV/visible spectrum of colloidal solution was obtained by pipetting 500 µL of the  

colloid into a quartz cuvette and adding 1 mL of water. The spectrum contained a strong 

plasmon band close to 396 nm, which confirms that silver ions were reduced to Ag
o
 in 

the aqueous phase (Figure 15).  

 

 

 

 

CD  

30 mM 

 

t-CIA  

30 mM 

 

700 μL CD + 700 μL t-CIA 

+10 μL t-CIA_CD 

+20 μL Na2SO4 

+1 mL AgB 

 

+10 μL t-CIA 

+20 μL Na2SO4 

+1 mL AgB 
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Figure 15. UV-Vis absorption spectrum of yellow silver colloid borohydride.  

 

1.2.5 - Raman Spectrometer  

The spectra were recorded from 300 cm
-1

 to 3200 cm
-1

 with a Renishaw Reflex inVia 

Raman macrospectrometer coupled to a RenCam CCD (Charged Coupled Device) 

detector (Figure 16). The 514.5 nm line from an argon laser was used as the exciting 

radiation. A quartz cell with a 1 cm path length was also used. The objective of macro 

system at 90º had a focal distance of 30 mm
-1

 and a numerical opening of 0.17.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Invia Reflex Raman (RENISHAW) microscope. 

Source: Laboratory from Physics and Chemistry Department of University of Malaga.   
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1 – RAMAN SPECTROSCOPIC EVIDENCE FOR THE 

INTERACTION BETWEEN TRIMETHYL-β-CYCLODEXTRIN 

AND SODIUM DECANOATE MICELLES IN WATER 

 

1.1 - RAMAN ABSOLUTE INTENSITIES 

The absolute intensity of a Raman signal at the scattered radiation frequency  is given 

by 

𝐼 (𝜈) ∝ 𝐾 (𝜈) 𝑥 𝜈4𝑥 𝑃0 𝑥 𝐶 

 

where  means "proportional to", K() is the spectrometer response function that 

depends on the scattered radiation wavelength through the instrument optics, gratings, 

filters, polarisation and detector, S() is a sample specific factor that represents the 

scattering properties of the sample like the Raman cross-section and the scattering 

volume, P0 is the laser power density at the sample position and C is the sample 

concentration [32]. Multiplication of a whole Raman spectrum [the complete list of I() 

values] by a non-zero constant does not affect the ratio of integrated intensities of 

Raman bands in the same Raman spectrum, only changes the arbitrary scale of intensity 

units.  

 

1.2 - THE RAMAN OH STRETCHING BAND OF WATER AS AN EXTERNAL   

INTENSITY STANDARD 

The Raman spectrum of liquid water (Appendix 1) has been the subject of a number of 

previous studies [14, 58, 73, 83, 84]. In particular, the Raman feature between 300 cm
-1  

and  1000 cm
-1 

with maximum at ca. 470 cm
-1

 is composed by three Raman active 

intermolecular librational modes [14]. In turn, the HOH bending Raman, whose 

maximum occurs nominally at 1640 cm
-1

, has a slightly asymmetric band shape that 

suggests being composed by two distinct components [14]. At last, the Raman bands 

between 2700 cm
-1

 and 3800 cm
-1

 are assigned to the OH stretching modes [58, 73, 85]. 
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 In diluted aqueous solutions, at ambient temperature, the water solvent 

concentration is approximately equal to 55.5 mol dm
-3

, as the densities of diluted 

aqueous solutions do not appreciably depart from the density of pure water 

approximately given by 1.00 g/cm
-3

 [34]. In diluted aqueous solutions, the solvent 

concentration greatly exceeds the solute concentration and the Raman bands of water 

that correspond to group frequencies (the HOH bending and the OH stretching bands) 

can in principle be used as external standards to normalize the Raman spectrum of a 

diluted aqueous solution. In particular, the Raman HOH bending band is exclusively 

associated with the water solvent. However, this is a very weak, broad and asymmetric 

Raman band, sometimes lacking a well defined baseline due to interference with nearby 

Raman and fluorescence bands. Hence, its use as an external intensity standard can lead 

to appreciable errors.  

In turn, the Raman OH stretching bands of liquid water are very strong and can 

be used as an external intensity standard for normalization of the Raman spectrum of a 

diluted aqueous solution. Raman OH stretching bands of aqueous solutions have been 

previously used as internal standard in a number of studies. In addition, various methods 

for calibrating Raman intensities have been described [47, 72] and a comprehensive 

review of phtotometric standards for Raman spectroscopy is found in [59]. 

 

1.3 - EQUILIBRIUM CONCENTRATIONS  

The cyclodextrin and sodium decanoate aqueous solutions, B30D60, B30D200, 

T30D60 and T30D200, have the inclusion complex in dynamic equilibrium with the 

cyclodextrin and the decanoate ion in aqueous solution. Before we obtain the Raman 

spectra referring to the 1:1 inclusion complexes, all the decanoate and cyclodextin 

concentrations in solution need to be determined. 

Conservation of the total cyclodextrin and decanoate concentrations is expressed 

by the following equations 

 

[𝐶𝐷]𝑡  = [𝐶𝐷] + [𝐶𝐷−𝐷] 

[𝐷]𝑡  = [𝐷] + [𝐶𝐷−𝐷] 
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where  

[𝐶𝐷−𝐷] = 𝐾[𝐷][𝐶𝐷] 

 

and D and CD stand for decanoate and cyclodextrin respectively, K represents the 

binding inclusion constant, [D] stands for the decanoate concentration in solution and in 

the micelles (there are equilibria involving these concentrations) and [CD_D] stands for 

the concentration of the 1:1 inclusion complex.  

According to the preparation of the aqueous solutions, the total concentrations 

are [CD]t = 30 mM,  [D]t = 60 mM for  B30D60 and T30D60, and [D]t = 200 mM for 

B30D200 and T30D200. For the decanoate ion inclusion in CD, the binding constant 

obtained by affinity capillary electrophoresis is 3.7x10
3
 [47]. Using this value, the 

mathematical solution of the two equations yields [CD_D]  30 mM as there is an 

excess of the decanoate concentration over the cyclodextrin concentration, [CD]  0, 

[D]  30 mM and [D]  170 mM for B30D60 and B30D200 respectively.  

For the decanoate ion inclusion in TRIMEB, a binding constant value could not 

be found in the literature. However, using trial binding constant values equal to 10
i
 for   

i = 1, 2, 3, 4, the concentration values are approximately equal to those found for the 

CD aqueous solutions. The cyclodextrin and sodium decanoate aqueous solutions, 

B30D60, B30D200, T30D60 and T30D200, have an excess of sodium decanoate over 

the corresponding cyclodextrin and the cyclodextrin concentrations in solution are 

negligible.  

 

1.4 - RAMAN SPECTRA FOR THE 1:1 INCLUSION COMPLEXES 

In order to obtain the Raman spectrum due to the 1:1 inclusion complex, we need to 

deal with spectra that share a common intensity scale. To this end, we start by taking the 

Raman OH stretching bands of Milli-Q water as an external standard. The Raman 

spectrum of one aqueous solution is normalized when the profile of its complex of 

Raman OH stretching bands matches as closely as possible the Raman OH stretching 

bands of Milli-Q water. Being impossible to obtain a perfect match in all Raman shifts, 

preference is given to the match on the lower wavenumber wing of this complex of 

bands, so that CH stretching bands become free from overlapping with the wing of the 
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OH stretching bands. After spectral normalization, we can proceed to subtract the water 

spectrum. 

These considerations can be easily applied to the inclusion of decanoate ion in 

TRIMEB. Considering the aqueous solution with a total decanoate ion concentration 

equal to 200 mM and TRIMEB concentration equal to 30 mM. Figure 17 illustrates the 

normalization of the Raman spectrum of the aqueous solution T30D200 with the Raman 

OH stretching bands of Milli-Q water and shows the Raman spectrum resulting from the 

subsequent subtraction of the Raman spectrum of Milli-Q water, the same procedure 

was made to T30D60, B30D200, B30D60, D200 and D60 (Appendix 2). 

We represent this Raman spectrum by T30D200ns, where "n" and "s" stand for 

normalization and  subtraction of the water solvent. As an order of magnitude of the 

error involved in the spectral normalization, the integrated intensity of the residual OH 

stretching bands in the T30D200ns spectrum amounts to 4.0 % of the integrated 

intensity of the complex of the OH stretching bands of Milli-Q water 

 

Figure 17. Normalization of the Raman spectrum of the aqueous solution T30D200 with the Raman OH stretching 

bands of Milli-Q water and the Raman spectrum resulting from the subsequent subtraction of the Raman spectrum of 

Milli-Q water  (T30D200ns). 
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In order to subtract the spectrum corresponding to the excess of decanoate ion 

present in the T30D200 aqueous solution and obtain the interaction spectrum for the 1:1 

inclusion complex T30D200, we take the following spectral difference 

T30D200=T30D200ns-(170/200)D200ns, as [TRIMEB_D]30 mM, [TRIMEB]0 

and [D]170 mM. 

 Figure 18 shows the decomposition of the B30D200 and T30D200 Raman 

spectra in linear combinations of Lorentzian and Gaussian functions because the fact 

that CH stretching bands form a broad, structureless envelope, its necessary to 

decompose it to individual components. The decomposition of the B30D200 Raman 

spectrum reveals bands with peak intensities at 2862 cm
-1

, 2878 cm
-1

, 2905 cm
-1

, 2928 

cm
-1

,  2948 cm
-1

 and 2966 cm
-1

, while the decomposition of the T30D200 Raman 

spectrum exhibits peak intensities at 2825 cm
-1

, 2848 cm
-1

, 2880 cm
-1

, 2905 cm
-1

,     

2944 cm
-1

 and 3000 cm
-1

. These values are very similar to those in Figure 19 and they 

are in good agreement with the values in Table 1 and 2.  

 

 

Figure 18. Decomposition in Lorentzian-Gaussian band profiles of the B30D200 and T30D200 Raman spectra in 

the Raman CH stretching wavenumber region. 

 

Figure 19 shows the T30D200, T30D60 and T30D200 - T30D60 Raman 

spectra in the Raman CH stretching wavenumber between 2700 cm
-1

 and 3100 cm
-1

. 

The latter spectrum takes the difference between the 1:1 inclusion complex Raman 



Molecule – colloidal particle interactions: Raman spectroscopic studies 2016 

 

 

42 
Ana Filipa Santos Seiça 

spectra, above and below the decanoate ion CMC. In turn, Figure 20 shows the 

corresponding Raman spectra for the CD aqueous solutions, namely, B30D200, 

B30D60 and B30D200 - B30D60 Raman spectra in the Raman CH stretching 

wavenumber, between 2700 cm
-1

 and 3100 cm
-1

. While the T30D200 - T30D60 

difference Raman spectrum indicates a significant  increase of Raman intensities above 

the decanoate CMC, with respect to the corresponding Raman intensities below the  

sodium decanoate CMC (Figure 19), the B30D200 - B30D60 difference Raman 

spectrum shows less significant positive and negative intensity variations (Figure 20).  

As you can see in the spectrum of B30D60, below the CMC do not present 

intensity variations or significant frequency fluctuations. In turn, above the CMC, 

enhancements are observed in the region between 2700-3100 cm
-1

 (νCH). The wide 

band is registered with the intensity peak at 2940 cm
-1

, which is caused by the valence 

vibrations of the stretching vibration of hydroxyl group bonded to C6-OH connected by 

the intermolecular hydrogen bonds or in the secondary hydroxyl groups connected by 

the intramolecular hydrogen bonds, the C2-OH group of one glucopyranose unit and 

C3-OH group of the adjacent glucopyranose unit). The other intensity peak at 2899 cm
-1

 

is observed, belonging to the valence vibrations of the C-H bonds in the CH and CH2 

groups (Figure 20). 

We can conclude, in general terms, the spectrum B30D200 reveals             

βCD-micelle interactions of NaDec that are not confined to the simple inclusion of 

decanoate ion in cyclodextrin, suggesting an indirect interaction involving sodium 

decanoate micelles and βCD. If these interactions consisted only in the formation of 

inclusion complexes changes would be visible in the spectrum below the CMC         

(Figure 20).    

The inclusion of ions of decanoate in βCD displaces the micelle-monomer 

equilibrium towards the monomer, reducing the aggregation number of micelles and 

yielding higher sizes of micelles dispersion. The OH stretching region is extremely 

complicated, because the primary and secondary OH groups of βCD may be bonded 

intra- or inter-molecularly, and  hydrogen bonds may also be formed between the water 

molecules complexed in the cavity, or between the crystallization water molecules 

belonging to βCD [27].  
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These Raman spectroscopic findings remind us of the SANS results presented in
 

[4] that clearly pointed to the adsorption of TRIMEB on the surface of the sodium 

decanoate micelles in contrast with CD which was not adsorbed by these micelles. 

Whereas [NaDec]0 = 200 mM and CMC = 116 mM, the concentration of 

monomers in the micelles is equal to 84 mM. Using the aggregation number of micelles 

equal to 18.5 [4], then micelle concentration is approximately 4.5 mM. Assuming 

spherical micelles with a radius approximately equal to 15 Å and considering that the 

widest edge of TRIMEB corresponds to a circumference of radius approximately equal 

to 8 Å, then [TRIMEB]0 = 30 mM corresponds to an approximately equal coverage to 

50% of the micelles.  

 

 

Figure 19. The Raman spectra T30D200, T30D60 and their difference T30D200 - T30D60 in the CH 

stretching region. 



Molecule – colloidal particle interactions: Raman spectroscopic studies 2016 

 

 

44 
Ana Filipa Santos Seiça 

 

Figure 20. The Raman spectra B30D200, B30D60 and their difference B30D200 - B30D60 in the CH 

stretching region. 
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2 – SURFACE ENHANCED RAMAN SPECTRA FOR THE 

INTERACTION BETWEEN CYCLODEXTRINS AND           

TRANS–CINNAMIC ACID WITH  SILVER NANOPARTICLES  

 

2.1 - SERS SPECTRA OF TRANS–CINNAMIC ACID 

The SERS spectrum of t-CIA was recorded on two different colloids and revealed 

different behaviors. The silver colloid borohydride shows a strong SERS spectrum, 

while the spectrum of silver colloid hydroxylamine present lower signal / noise ratio 

[21,44], giving these results we decided to work with silver colloid borohydride. 

Figure 21 shows the spectrum of t-CIA and SERS spectrum of t-CIA in colloidal 

solution. The SERS spectrum is characterized by a set of strong and medium bands 

recorded at 1635 cm
-1

, 1600 cm
-1

, 1377 cm
-1

, 1250 cm
-1

 and the band 1001 cm
-1

. The 

band recorded at 1635 cm
-1

 assigned to ν(C=C) is characteristic of α, β-unsaturated 

carboxylic acids. The deviation of raman shift in the colloidal solution of the stretching 

vibration OCO at 1377 cm
-1

 compare to the spectrum of aqueous solution proves that 

the group acid interact with nanoparticles. The SERS band of trans-cinnamic acid 

assigned to vinyl vibrations at 1636 cm
-1

, display a deviation of the raman frequency 

(Table 3), due to the fact that the band νOCO is bonded to the nanoparticles and the 

bands correspond to the aromatic ring 1601 cm
-1

, 1253 cm-1 and 1002 cm-1 remain 

unperturbed in colloidal solution proving that this group is perpendicular to the surface 

of silver nanoparticles.  

To observe the SERS effect is necessary to normalize the spectrum of t-CIA in 

aqueous solution with the spectrum of t-CIA in colloidal solution. We chose to work 

with the complex C=C stretching bands. Because its impossible to obtain a perfect 

match in all Raman shifts, preference is given to tmatch on the higher wavenumber 

wing of this complex of bands, so that stretching bands of benzene ring become free 

from overlapping. We represent Ag(colloidal)_t-CIAn for the spectrum after 

normalization and n stands for normalization (Figure 22).  
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SERS effect exhibit an intensification of Raman signal for trans-cinnamic acid 

adsorbed on silver nanoparticles. The Raman band of the acid adsorbed on silver surface 

is more intense than the acid in aqueous solution (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Raman spectrum of a 30 mM aqueous solution of sodium trans-cinnamate at pH 12 and SERS spectrum  

on silver colloid of a 3x10-4 M solution of trans-cinnamic acid.  
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Figure 22. Normalization of SERS spectrum (red) of trans-cinnamic acid, Ag(colloidal)_t-CIAn, with Raman spectrum 

of sodium trans-cinnamate (black).   

 

 

2.2 - INCLUSION COMPLEX 1:1 TRANS-CINNAMIC ACID AND                           

TRIMETHYL-β-CYCLODEXTRIN  

The inclusion of trans-cinnamic acid with methylate cyclodextrin is visible in the region 

of bands between 2700 and 3100 cm
-1

 (Figure 23), by means of the disappearance of 

aromatic νC–H ring mode at 3074 cm
-1

 of t-CIA and presence of bands at 3000, 2946 

and 2850 cm
-1

 corresponding to the stretching CHs vibration modes of TRIMEB. These 

frequencies are in accordance with the spectrum of methylate cyclodextrin in aqueous 

solution (Appendix 3) and proves that aromatic group of the acid is partially included 

within the cavity of the cyclodextrin.  

The inclusion of t-CIA molecules display a s-trans orientation with CD 

molecules, stacked in a head-to-head arrangement. Because the carboxylate groups of    

t-CIA molecules are not close enough to form hydrogen-bonded dimers, carboxylate 

groups of trans-cinnamic molecules form O–H–O hydrogen bonds [56]. These 

t-CIA (black), Ag(colloidal)_t-CIAn (red) 
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molecules have the propensity to bond with cyclodextrin cavities and lead to an 

elliptical distortion of the benzene ring.  

A benzene structure measures approximately 7 x 7 x 3.4 Å and therefore is able 

to fit into the interior of the cyclodextrin cavity; also the side chain may fit into the 

cavity. With benzene ring diameter being roughly the same size as the cyclodextrin 

cavity a strong stability is expected, though strain is necessary due to the tight fit [40]. 

Stability constants for complexes composed of β-cyclodextrin and cinnamic acid 

are reported and ranged from 60 to 371 M
-1

. The stability constant for the complex       

t-CIA_βCD formed at pH 1.6 and pH 8.2 is expected to be 371 to 313 M
-1

 [81]. 

Complexation between βCD and trans-cinnamic acid may be poor because the cavity 

size of βCD is too large to interact with the phenyl moiety of cinnamic acid. This theory 

is supported by a 
13

C-nuclear magnetic resonance study [79]. For TRIMEB the value of 

constant stability isn’t known, but we can assume that should be higher because the 

cavity is smaller than βCD and is partially obstructed with a methyl group, having a 

better inclusion with cinnamic acid, than βCD.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Raman spectrum of a 15 mM aqueous solution of the inclusion complex trans-cinnamate with           

trimethyl-β-cyclodextrin. 

 

 

 

t-CIA_TRIMEB 
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The presence of cyclodextrin in SERS wasn’t visible (Figure 24), being the 

spectrum of Ag(colloidal)_t-CIA_TRIMEB very similar to that of Ag(colloidal) _t-CIA 

(Figure 21).  In the spectrum of SERS is visible a band in the region between 2700-3100 

cm
-1

 which is caused by the addition of sodium sulfate. Sodium sulfate act as a pre-

aggregation agent, this aggregation allows a better SERS intensity, however it shouldn’t 

appear any band on this region, the fact it appeared it can be due to impurities, sample 

preparation and others. This band will disguise the bands corresponding to the 

stretching vibration of CHs, the region which we know there’s inclusion of cinnamic 

acid into the cyclodextrin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. SERS spectrum of a 1.5x10-4 M aqueous solution of the inclusion complex trans-cinnamic acid with                       

trimethyl-β-cyclodextrin. (colocar as frequencias das bandas) 
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2.3 – INTERACTION BETWEEN CYCLODEXTRINS AND SILVER 

NANOPARTICLES 

Several attempts to observe SERS spectra from native and methylate cyclodextrins in 

colloidal solution yielded to negative results. Because we know there’s inclusion of the 

acid into the cavity of cyclodextrin and the acid group interact with silver nanoparticles, 

in Figures 25 and 26 the region 1600-1640 cm
-1 

shows an increase of intensity, compare 

to the rest of the spectra, which we assume it’s due to the presence of cyclodextrins.  

The SERS intensities of the colloid borohydride were found to increase with 

time. The addition of one adsorbate as the cinnamic acid or this acid plus the 

cyclodextrin leads to an even higher intensity increase during a certain period of time. 

SERS intensities reach a maximum after a certain period of time and then decline in 

intensity due to flocculation of the colloid, this is the case of unsubstituted cyclodextrin. 

Although, the colloid is very stable for months its use is not convenient after several 

days, due to a change of chemical properties at the surface [60]. This instability is due to 

a lower electrostatic barrier that makes easier the approaching of different colloids to 

form aggregates and flocculate. 

The intensity of t-CIA_βCD and t-CIA_TRIMEB in colloidal solution was 

evaluated during 1h30min. After 45 minutes, the intensity of Ag(colloidal)_t-CIA_βCD 

(Figure 25) reached its maximum, having a decay after 1hour whereas in   

Ag(colloidal)_t-CIA_TRIMEB the intensity reached its maximum after 1h30min   

(Figure 26). In colloidal solutions, is sometimes added an antiflocculant, for example, 

polyvinylpyrrolidone, to extend the life of the colloid [86]. TRIMEB delays the 

aggregation and the optimal size of aggregates appeared at longer times.  

Methylate CDs stabilized colloidal solution and function as an                          

antiflocculant, because they are weakly adsorbed on the metal surface [11] due to the 

presence of methyl groups in the narrow rim of the cyclodextrin. Both CDs affect the 

colloidal surface charge in different ways. This surface guarantees the stability of 

colloidal nanoparticles mostly due to repulsive Coulombic interactions [74].  

The cavity of βCD is too small to entrap Agnp and simply binds via 

chemisorption to silver nanoparticles through rim hydroxyl groups. This cavity can host 

single metallic cations or interact with the surface of silver nanoparticles depending on 
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size and shape. The edges of native cyclodextrin give rise to a local density in          

non-bonded electrons. This local electronic density is responsible for weak ion–dipole 

interactions with metallic ions and is responsible for the bonding of βCD to metallic 

surfaces [2].  

On the whole, the absolute intensities in SERS were found to be somewhat 

irreproducible and so any conclusion concerning the comparison of absolute intensities 

between different cyclodextrins should require additional experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. SERS spectra of a 1.5x10-4 M trans-cinnamic acid_ β-cyclodextrin at 45 minutes (black) and 90 minutes 

(red). 
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Figure 26. SERS spectra of a 1.5x10-4 M of trans-cinnamic acid_ trimethyl-β-cyclodextrin at 45 minutes (black) and 

90 minutes (red). 
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Table 3. Experimental Raman and SERS vibrational wavenumbers (cm
-1

) of          

trans-cinnamic acid and proposed assignment according to B3LYP/LanL2DZ 

theoretical calculation of different chemical species such as, trans-cinnamic acid (CIA), 

cinnamate (CIM
-
) and the most stable superficial complex CIM

-
-Ag

+ 

 

 

Experimental 

Wavenumbers / cm
-1

 

B3LYP/LanL2DZ Wavenumbers 

/ cm
-1

 
 

Raman
a,b

 SERS
a,b

 CIA CIM
-
 CIM

-
-Ag

+
 Assignment

c
 

  
3658   ν(O-H) 

 
 

3233 3215 3231 ν(C-H) 

3074 (s) 3065 (vw) 3241 3161 3228 ν(C-H)e close to COO- 

 
 

3209 3205 3216 ν(C-H) 

 
 

3196 3192 3193 ν(C-H) 

3031 (vw) 
 

3191 3180 3188 ν(C-H) 

1641 (vs) 1635 (vs) 1699 1676 1689 ν (C=C) 

 
 

1672 1571  ν(C-COO
-
) + δ(COH) 

1601 (vs) 1600 (vs) 1650 1643 1651 8a; νring 

  1623 1618 1625 8b; νring 

1500 (w) 1497 (vw) 1528 1519 1527 19a; νring 

 
 

  1425 
νs(COO

-
) + ν(C-H)e close to 

COO
-
 

1452 (w) 1448 (vw) 1482 1474 1480 19b; νring 

1390 (m) 1377 (m) 1393 1287 1391 
νs(COO

-
) + ν(C-H)e close to 

benzenic ring 

1328 (vw) 
 

1372 1317  δ(C-H) + δ(C-H)e (both) 

1303 (w) 
 

1337 1363 1373 
δ(C-H) + δ(C-H)e close to 

benzenic ring 

1294 (w) 1291 (w) 1272 1287 1336 
δ(C-H)e close to COO

-
 + 

δ(COH) 

 
 

1272 1251 1277 
δ(C-H)e close to COO

-
 + 

δ(COH) 

1253 (s) 1250 (s) 1249 1251 1241 ν(C-X) + δ(C-H)e both 

1205 (m) 1201 (w) 1225 1224 1222 δ(C-H) + ν(C-C) 

1180 (m) 1179 (w) 1207 1210 1205 δ(C-H) + ν(C-C) 

1162 (w) 
 

1111 1196 1110 δ(C-H) + ν(C-C) 

1030 (vw) 1029 (vw) 1025 1043 1053 γ(C-H) + γ(C-H)e both 

1002 (m) 1001 (s) 1015 1012 1016 12; δring 

975 (w) 976 (w) 969 956 966 17a; γ(C-H) + γ(C-H)e both 

880 (w) 
 

883 874 881 γ(C-H) 

855 (vw) 
 

847 841 858 δ(COO
-
) + 1; νring 

783 (vw) 
 

726 799 804 γ(C-H) + γ(CC)skeletal 

 728 706 723 726 
γ(C-H) + γ(C-H)e close to 

COO
-
 

 
 

651 695 725 δ(C-C)skeletal 

620 (w) 
 

635 635 635 6a; δring 
 

 

avs: very strong; s: strong; m: medium; w: weak; vw: very weak. bAqueous solution of 30mM at pH=12. 

cFinal concentration of the adsorbate 3x10-4 M at pH=12. dWilson’s Nomenclature. ν: stretching; δ: in-plane 

deformation; γ: out-of-plane deformation. 
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The intense complex of OH stretching bands of the water solvent usually dominates the 

Raman spectra of diluted aqueous solutions. An aqueous solution containing two 

weakly interacting solutes A and B yields a spectrum where it is difficult to identify 

frequency and Raman intensity variations due to the AB complex of weakly interacting 

solute molecules. Based on the integrated intensity of the complex of Raman OH 

stretching bands of liquid water as an external intensity standard, we use this band to 

obtain a difference spectrum that reveals Raman intensity changes mainly due the 

intermolecular interaction between the interacting solutes, provided one knows the 

equilibrium concentrations of A, B and AB species in aqueous solution. In addition, the 

method allows to qualitatively compare the different behaviours of TRIMEB and CD 

in an aqueous solution of sodium decanoate above and below its CMC [4]. 
The study of the cyclodextrin-micelle interactions involving βCD and TRIMEB 

and sodium decanoate micelles in water shows predominant Raman band intensity 

changes in the CH stretching bands. In addition, qualitative differences in the 

interactions of βCD and TRIMEB with micelles of sodium decanoate in water have 

been observed, reflecting different modes of interaction of these cyclodextrins with the 

micelles. In particular, βCD indirectly interacts with the micelle displacing the 

monomer-micelle equilibrium towards the formation of monomer, thus causing a 

decrease in the number of aggregation and a decrease in the size of micelles.  

On the other hand, TRIMEB is absorbed on the surfaces of the micelles, with 

roughly 50% of the surface of micelles being covered by TRIMEB molecules. In 

contrast to the behavior of βCD, the absorption of TRIMEB micelles minimizes the size 

of the micelles dispersion, the inclusion of decanoate ion in TRIMEB is only partial 

because this cyclodextrin has a central cavity partially obstructed by one of the methyl 

groups of the narrower cyclodextrin rim. 

When in presence of silver nanoparticles, native cyclodextrins are adsorbed on 

the surface of silver colloidal particles via chemisorption through rim hydroxyl groups, 

stabilizing the colloidal solution during 45 minutes, whereas TRIMEB stabilizes the 

colloidal soltuion during 90 minutes. Methylate cyclodextrin act as a better surface 

stabilizer than CD, improving the stability of colloidal solution and preventing 

aggregation.   
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Finally, we have been unable to obtain the ideal conditions in which a good 

comparison can be made between native and methylate cyclodextrins, using Surface 

Enhance Raman Spectroscopy. The absolute intensities in SERS were found to be 

somewhat irreproducible and so any conclusion concerning the comparison of absolute 

intensities between different cyclodextrins should require additional experiments.  

Both cyclodextrins have different behaviours when in presence of colloidal 

particles. Methylate cyclodextrin is adsorbed on the surface of the sodium decanoate 

micelles in contrast with CD which is not adsorbed by these micelles. In presence of 

silver nanoparticles natural cyclodextrin is adsorbed on the surface of silver colloidal 

particles while methylate cyclodextrin is not adsorbed.   
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