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Abstract 

Raman, surface enhanced Raman scattering and shell isolated nanoparticles enhanced 

Raman scattering techniques were used to study the indigo/nanoparticle interaction 

nature. Silver nanoparticles were employed with and without a silicon dioxide spacer 

inert layer. The surface enhanced Raman scattering spectral profile, obtained by using 

silver nanoparticles, is different than the Raman one which allowed propose that the 

indigo/silver interaction is in the range of the intermolecular interactions. Surface 

enhanced Raman scattering spectral reproducibility suggests identical organization and 

orientation of the analyte on the metal surface. The shell isolated nanoparticles enhanced 

Raman scattering spectrum, obtained by using silicon dioxide coated silver nanoparticles 

resulted similar to the Raman. This result indicates that the indigo structure is chemically 

unmodified by the silicon dioxide coated silver surface. From the shell isolated 

nanoparticles enhanced Raman scattering experiments the electromagnetic mechanism is 

proposed as being the unique contribution to the spectral enhancement. Theoretical 
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calculations allow infer about both the indigo/silver surface interaction nature and on the 

orientation of indigo on the surface. 

 

KEYWORDS: Indigo, Raman, SERS, SHINERS, Silicon Dioxide Coated Silver 

Nanoparticles 

 

INTRODUCTION 

The present work deals with the characterization of the indigo silver-metal interaction by 

using Raman scattering, Surface Enhanced Raman Scattering (SERS) and Shell-Isolated 

Nanoparticles Enhanced Raman Scattering (SHINERS) spectroscopies. These techniques 

have become important analytical tools to study pigments and dyes. Raman spectroscopy 

is recognized to be a powerful technique to analyze archaeological objects 
[1–9]

. It is a 

non-invasive and non-destructive technique, displaying high specificity, sensitivity and 

reproducibility 
[10,11]

. Concerning SERS, there is a consensus that the amplification of the 

vibrational signals is due to electromagnetic (EM) and chemical (QM) mechanisms 
[12]

. 

The first arises mainly from the coupling of light with the plasmons on the metal surface, 

driving its subsequent excitation. The QM mechanism is originated by charge transfer 

between the analyte molecules and the metal substrate which has a low enhancement 

factor of 10-10
-2

 
[13]

. 

 

Recently, a new technique has been developed to obtain enhanced Raman spectra by 

using silicon dioxide (SiO2) coated nanoparticles (SHINs, shell-isolated nanoparticles). 

SiO2 coating requires successive hydrolysis-condensation cycles 
[14–16]

. Only the 
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electromagnetic mechanism is involved in the Raman signal enhancement of the 

SHINERS technique 
[16–18]

. The signal intensity is modulated by the thickness of the inert 

layer on the surface of the nanoparticle. For example, it has been reported that for 55 nm 

of gold particles (NPs) 2 nm of SiO2 are formed at 20 min (1 h = 4 nm, 2 h = 6 nm, 4 h = 

8 nm, 8 h =10 nm and 20 h = 20 nm) 
[16]

. The reaction rate depends on the pH value. An 

advantage of the SHINs synthesis is the opportunity to dry, wash and reuse the 

nanomaterial. Applications of SHINs have been described in surface science, 

electrochemistry, semiconductor materials, biological science and food science 
[19]

. 

 

The present contribution intends to give some structural insights about the interaction of 

the indigo molecule (see Fig. 1) with SiO2 uncoated and coated silver nanoparticles 

(Ag@SiO2NPs, core@shell) by using the Raman, SERS and SHINERS techniques, and 

consequently infer about the interaction mechanisms. A theoretical interpretation of the 

metal-molecule interaction based on simplified molecular models is also performed. 

 

EXPERIMENTAL 

Materials 

Indigo (95% purity) in solid, see Fig. 1, was purchased from Sigma-Aldrich. The 

following chemicals were used for the preparation of the colloidal solutions of silver 

nanoparticles: silver nitrate 99.9999% metal basis (Aldrich), sodium hydroxide (ACS, 

Reag. Ph Eur Merck) and sodium citrate tribasic dihydrate ≥99.0% Sigma-Aldrich. 3-

aminopropyltrimethoxysilane and sodium silicate solution were purchased from Sigma-

Aldrich. All these chemicals were used as received. 
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Synthesis Of The Silver And Silicon Dioxide Coated Silver Nanoparticles 

Silver colloidal nanoparticles (AgNPs) were prepared following a previously reported 

procedure 
[20,21]

. Briefly, the hydroxylamine hydrochloride-reduced colloid was prepared 

by adding 10 mL of silver nitrate (10
-2 

M) to a 90 mL of hydroxylamine hydrochloride 

(10
-3

 M) and sodium hydroxide (10
-3 

M) solutions. The AgNps were obtained at room 

temperature under rapid stirring conditions. Ag@SiO2NPs were obtained following a 

reported pathway 
[19,22]

, as follows: to 30 mL of AgNps 0,4 mL of (3-

aminopropyl)trimethoxysilane 10
-3

 M was added and stirred during 15 minutes. Then, 3.2 

mL of silicate solution (pH=10) was added, stirring and heating at 90°C. After 20 

minutes of synthesis (for a thickness of 2 nm of the SiO2 coating) the nanoparticles were 

cleaned and concentrated by centrifugation (5 minutes at 5000 rpm thrice). The AgNps 

and Ag@SiO2NPs characterization was carried out with UV-vis spectra and scanning 

electron microscopy (SEM). 

 

UV-Vis Spectrum Of Silver And Silicon Dioxide Coated Silver Nanoparticles    

The UV-vis spectra of AgNPs and Ag@SiO2NPs in Fig. 2, were obtained from 200 uL of 

each colloidal system which were dissolved in 0.8 mL of ultrapure water. Spectra were 

scanned between 350 and 700 nm by using 1 cm optical path quartz cells and a Genesys 6 

spectrophotometer; the spectral resolution is 1.8 nm. Maxima are observed at 407 and 

420 nm for AgNPs and Ag@SiO2NPs, respectively (Fig. 2). This red shift is associated to 

the effect that the SiO2 shell has on the silver nanoparticles; the slight shifting indicates 
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that the effect of the shell on the localized surface plasmon resonances (LSPR) is 

negligible 
[17]

. 

 

Scanning Electron Microscopy Measurements Of Silver Nanoparticles And Silicon 

Dioxide Coated Silver Nanoparticles    

For the Scanning Electron Microscopy (SEM) measurements, samples of AgNPs 

dispersed in methanol were deposited onto carbon-coated copper grids. A JEOL JSM-

7500F field-emission scanning electron microscope equipped with a Transmission 

Electron Detector (TED) was used to obtain low-resolution transmission images of the 

Ag@SiO2NPs nanoparticles. The SiO2 coating onto the silver nanoparticle is observed in 

the SEM image in Fig. 3; the nanoparticles size is in the range of 100-150 nm. A “cradle-

of-hotspots” that is SiO2 glued nanoparticles also results from the core@shell synthesis 

[22]
. 

 

Sample Preparation For The Spectral Measurements 

Indigo solution was prepared from the solid dissolved in acetone to a final concentration 

of 10
-5

 M. Then, 100 μL of this solution was added to 400 μL of each colloidal Ag and 

Ag@SiO2NPs solutions. Resulting mixtures rest for 24 hrs. These mixtures were 

centrifuged for 3 min with a maximum speed of 7000 rpm (2.1G) and the obtained solids 

were then deposited on a slide where remained solvent was evaporated at room 

temperature. 

 

Micro-Raman Measurements  
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Micro-Raman spectra of the samples were recorded with a Raman Renishaw InVia 

Reflex apparatus, equipped with the 532, 633, and 785 nm laser lines, a Leica microscope 

and an electrically cooled CCD detector. The instrument was calibrated using the 520 cm
-

1
 line of a Si wafer and a 50× objective. Its resolution was set to 4 cm

-1
 and 1-20 scans of 

10-30 s each were averaged. Spectra were recorded in the 300-1800 cm
-1

 region. The 

laser power was set between 10 to 100 mW. Spectral scanning conditions were chosen to 

avoid sample degradation and photodecomposition; the 532 nm laser line was used. Data 

were collected and plotted using the programs WIRE 3.4 and GRAMS 9.0. Raman, SERS 

and SHINERS spectra are displayed in Fig. 4.  

 

Theoretical Analysis 

A model for the metal surface was built as in our previous studies 
[23,24]

. A face centered-

cubic structure with d(Ag-Ag)= 4.08 Å was cropped to get a planar bilayer composed of 

800 Ag atoms. Extended Hückel Theory (EHT) calculations of the electronic structure of 

neutral indigo were complemented with DFT at the B3LYP/6-31G(d,p) level for 

comparison. The last method was also employed to calculate the infrared and Raman 

spectra of neutral indigo. EHT produces qualitative or semi quantitative descriptions of 

the molecular orbitals and electronic properties 
[25]

. Moreover, and within the Hartree-

Fock-Rüdenberg picture, EHT is compatible with the nonempirical HF method in 

Roothaan’s form 
[26]

. This methodology was discussed and applied in our previous papers 

[27–29]
. HyperChem (Hypercube, Inc.) and Gaussian (Version 09, Revision A.1. Gaussian, 

Inc., Wallingford, CT) programs were employed for calculations. Molecular mechanics at 

the OPLS level was used to optimize the indigo–Ag geometry, keeping the Ag layer 
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geometry fixed. The molecules were positioned at several different distances and 

orientations from the center of the Ag layer. The aim of this simplified system is to 

correlate the enhanced bands in the SERS spectrum with the molecule’s affinity towards 

the Ag surface. This direct interaction occurs when thermal agitation carries out the 

molecules relatively near to the surface with no solvent molecules between them. This 

situation agrees with one of the necessary conditions to obtain a SERS spectrum (the 

other is that the molecule-surface interaction must occur on a hot spot). It is worth to 

mention that the calculations, their analysis and the predictions were made prior to the 

knowledge of the SERS measurements. This method was successfully employed in our 

previous SERS studies for the interaction of peptides, nanotubes, tryptophan, lysine, 

humic acids, proline, with Ag and Au surfaces 
[30-33]

. 

 

RESULTS AND DISCUSSION 

Raman Spectrum 

The present bands assignment of solid indigo in Table 1 is proposed on the basis of 

general data 
[34-36]

 and from published vibrational spectra of related and close molecular 

systems 
[37,38]

. The most intense signal of the ring stretching mode is observed at 1573 

cm
-1

 with a shoulder at 1591 cm
-1

 due to the C=C, C=O and in plane NH deformations 

( NH) modes, see Fig. 4A. The bands at 1702, 1631 and 1365 cm
-1

 are due to CC, 

C=O and NH coupled modes of the heterocyclic structural fragment. The bands at 

1311 and about 860 cm
-1

, are attributed to coupled vibrations involving the stretching and 

bending vibrations of the six-member ring, which is supported by the theoretical data. A 

CH mode is in principle assigned to the weak band observed at 1147 cm
-1

. According to 
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the present calculations this band results from coupled CH and breathing modes. The 

band at 1225 cm
-1

 is assigned to a bending mode involving the N–H bond. Bands at 1483, 

1461 and 1248 cm
-1

 are ascribed to C–H deformations. The calculations allowed assign 

the bands at 1015, 758 and 674 cm
-1 

to the five- and six-member ring vibrations. The 

broad band at 635 cm
-1 

is probably due to skeletal vibrations involving the NCC moiety. 

The medium band at 598 cm
-1

 is a NH deformation while the strong band at 545 cm
-1 

is 

an out of plane CH deformation ( CH). Vibrations related to the CNC structural fragment 

are expected below 500 cm
-1

.   

 

Surface Enhanced Raman Scattering Spectrum 

Identical SERS spectra of indigo originally prepared at different concentrations (10
-4

 M 

to 10
-7

 M) were obtained. Relative to the Raman spectrum various spectral modifications 

are observed by surface effect, see Fig. 4B. In fact, the strongest band at 1573 cm
-1

 with a 

shoulder at highest numbers shifts to 1564 cm
-1

 displaying a slight asymmetry to highest 

wavenumbers in the SERS spectrum; a decreasing in the relative intensity is also verified. 

The wavenumber shift is associated to an electronic redistribution involving the C6C8CO 

(C10C13CO) and C5C8NH (C10C14NH) structural fragments while the intensity 

decreasing could be due to a rather tilted position of this fragment on the surface. This 

orientation is proposed on the basis of the SERS selection rules 
[39]

. Thus, the orientation 

of the analyte is inferred from the observed intensity and wavenumber shifts relative to 

the Raman spectrum; modes having their zz component of the polarizability 

perpendicular to the surface are likely to become more enhanced than the parallel ones. 

The strong ρCH band at 545 cm
-1

 is enhanced by surface effect and it is observed shifted 
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to 557 cm
-1

 in the SERS spectrum; this spectral behavior is consistent with a planar 

parallel orientation of the corresponding CH moiety. The spectral shifting suggests a 

molecule surface interaction in the range of the intermolecular interactions. The medium 

band at 598 cm
-1

 ascribed to a NH deformation “probably an out of plane deformation” is 

not observed in the SERS spectrum which supports the idea that the NH fragment is not 

parallel to the surface. The weak bands observed only in the SERS spectrum at about 

500, 460 and 401 cm
-1

 could be ascribed to out of plane vibrations of the rings oriented 

parallel to the surface; this spectral assignment is supported by general data 
[34–36]

. The 

broad Raman band at 635 cm
-1

 shifts to 651 cm
-1

 in the SERS spectrum keeping a similar 

relative intensity; this is highly consistent with the fact that the NCC moiety is tilted to 

the surface and that the interaction with the surface involves the N atom. The Raman 

bands at 674 and 758 cm
-1

 are not observed in SERS which indicates that the 

corresponding ring modes are vibrating parallel to the surface. By assuming that the rings 

are rather parallel to the surface and that the C6C8CO and C5C8NH structural fragments 

are not coplanar into the whole indigo molecule, the ring vibration at 1015 cm
-1

, 

displaying an increasing of its relative intensity and a shift to 1018 cm
-1

 by surface effect, 

is an out of plane vibration probably a ρCH mode 
[34]

. The band at 1147 cm
-1

 increases 

the relative intensity by surface effect; this band is decidedly ascribed to a five-member 

ring breathing 
[35]

. The observed spectral modification is consistent with a ring oriented 

nearly parallel to the surface which is supported by the SERS selection rules 
[39]

. The 

breathing mode of an aromatic ring consists into contract and relaxing all C-C bonds, 

simultaneously. Then, the up-down oscillation of the electrons cloud perpendicular to the 

ring plane is associated to the breathing mode having the zz component of the 
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polarizability parallel to the incident laser line. An opposite spectral behavior is observed 

for the bands at 1225, 1311, 1365 and 1461 cm
-1

 which is consistent with spectral modes 

vibrating not perpendicular to the surface; the fact that the band at 1225 cm
-1

 is still 

observed in SERS at 1194 cm
-1

 although with a very weak relative intensity could be 

related to a ring mode belonging to a tilted structural fragment, the C6C8CO and 

C5C8NH moieties. The above results allow to propose that the indigo molecule interacts 

with the Ag surface and that this interaction induces some electronic redistribution on the 

molecule. Moreover, the indigo molecule is oriented parallel to the surface as a whole, 

but the CO and NH fragments are not exactly parallel to the surface.   

 

Shell-Isolated Nanoparticles Enhanced Raman Scattering Spectrum 

A Raman enhancement effect, Fig. 4C, is observed from the spectra obtained by using 

SiO2 coated Ag nanoparticles and indigo originally prepared at two concentrations (10
-5

 

M and 10
-7

 M); SHINERS spectra obtained from both concentrations resulted identical. 

The SHINERS spectrum arises from "cradle of hot-spots" originated from the synthesis 

of the shell-isolated nanoparticles (Fig. 3). The term “cradle of hot-spots” is introduced to 

describe the physical aspect of the resulting coated nanoparticles. This arrangement of the 

nanoparticles is a direct consequence of the aggregation during the synthesis as described 

by Aroca et al. 
[40]

 and by us in a previous work 
[22]

. 

 

The SiO2 coating of the Ag colloids guarantees a non-chemical binding or bonding 

between the indigo molecule and the metal surface. As a consequence it is expected that 

the SHINERS and Raman spectral profiles should not be quite different, as observed in 
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Fig. 4A and 4C. This result indicates that the indigo Ag interaction inferred from the 

SERS spectrum involves a chemical contribution to the Raman signals enhancement. The 

fact that the Raman signals of the analyte at very low concentration are still observed in 

SHINERS indicates that the enhancement is now arising from an electromagnetic or 

physics mechanism; the indigo structure is not modified by the surface.  

 

Theoretical Data 

The final geometry of the indigo-Ag surface is shown in Fig. 5. The most important fact 

to notice is that the carbonyl oxygen and the hydrogen atoms bonded to the nitrogen 

moved a little away from the molecular plane. The H atoms bonded to N atoms move 

away from indigo’s plane and the Ag surface, while the carbonyl oxygen also moves 

away from the molecular plane but toward the Ag surface. Each oxygen atom is engaged 

in two metal interactions with metal cations (the Ag atoms have positive net charge in our 

Ag surface model, since the HOMO is not localized in the center of the surface) and 

hydrogen bond. These distances are in the range of 3.17-3.32 Å. The slight molecular 

deformation seems to be an indication of a strong electrostatic molecule-surface 

interaction.  

 

CONCLUSIONS 

The Raman spectroscopy and the SERS and SHINERS techniques were used to infer 

about the chemical physics nature of the indigo Ag surface interaction. The SERS 

spectral profile is different from the Raman spectrum which allowed to propose that the 

indigo Ag interaction is in the range of the intermolecular interactions. Vibrations 
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involving the N and O atoms structural moieties are sensitive to the Ag surface effect. 

The SERS spectral reproducibility suggests identical batch to batch organization and 

orientation of the analyte on the metal surface. The SHINERS spectra resulted identical at 

various concentrations of the analyte and very close to the Raman spectrum. Thus, only a 

physical contribution on the spectral enhancement of the SHINERS spectrum is inferred. 

These differences between SERS and SHINERS are ascribed to structural modifications 

imposed by the analyte/uncoated Ag metal surface interaction. The whole results indicate 

that the indigo structure is chemically modified in the SERS experiments. Thus, the 

enhancement chemical mechanism contributes to the whole SERS effect. The theoretical 

calculations data are consistent with the SERS experiments and allowed to corroborate 

that the indigo metal interaction involves the oxygen and nitrogen atoms. From this 

study, we can infer a rather plane parallel orientation of the analyte to the surface. 
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Table 1. Raman, Surface Enhanced Raman Scattering and Shell-Isolated Nanoparticles 

Enhanced Raman Scattering peak position of indigo and the most probable vibration 

mode assignments. 

Raman Position 

peak (cm
-1

) 

SERS
(a) 

Position 

peak (cm
-1

) 

SHINERS
(b) 

Position 

peak (cm
-1

) 

Assignment 

1573 vs
(c)

 1564 vs 1581 vs C=C/C=O str., NH 

def.
 (a)

 

1483 mw 1487 bw  CH def. 

1461 m 1433 w  CH def. 

1311 m 1309 wm 1315 m ring6 str., def. 

1248 w  1247 m CH def. 

1225 m 1194 w 1225 w NH def.  

 1057 bw 1049 bm ring5 str. + CO 

1015 w 1018 m  ring6/ring5 str., def. 

859 dvw  863 vw ring6/ring5 str., def. 

758 bw  757 bm ring6/ring5 def. 

674 mw  673 m ring6/ring5 def. 

635 bm 651 bm 643 vw  NCC def.  

598 m  597 m NH def. 

 460 wm  CNC def. 

 401 m  skel def. 

(a)
SERS: Surface Enhanced Raman Scattering and  

(b)
 SHINERS: Shell-Isolated Nanoparticles Enhanced Raman 
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(c)
Symbols and abbreviations: 

 
vw, very weak; w, weak; m, medium; s, strong; vs, very 

strong; d, double; b, broad; sh, shoulder; str. stretching; def., deformation; breath., 

breathing; skel. skeletal; ring5, ring6, five and six-member rings.
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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