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Abstrakt 

První část práce se zabývá vývojem a testováním nových typů aktivních systémů pro 

SERS a SERRS měření hydrofobních molekul. Byly vyvinuty 3D nanohoubovité 

agregáty s včleněnými hydrofobními molekulami do vnitřní struktury. Jako hydrofobní 

testovací molekuly byl zvolen fulleren C60 a H2TPP. Byly určeny meze SERS a SERRS 

spektrální detekce (LODs) fullerenu C60 na 4 excitačních vlnových délkách, přičemž 

LODs fullerenu C60 byly ve všech případech o řád nižší než v případě referenčního 

systému, který napodoboval již dříve využité Ag nanohoubovité agregáty pro SERS a 

SERRS spektrální měření. Zlepšení detekčních schopností agregátu je způsobeno 

efektivní lokalizací hydrofobních molekul do „hot spotů“ ve 2D fraktálních agregátech 

Ag nanočástic (NČ). Diprotonace molekul H2TPP v průběhu přípravy, způsobená 

použitím HCl jako preagregačního činidla byla eliminována nahrazením NaCl za HCl 

během přípravy agregátu. Na druhou stranu, studium mechanismu diprotonace ukázalo 

na možnost využití agergátu jako nanoreaktoru. 

Druhá část práce se zabývá přípravou 2D struktur tvořených Ag nanočásticemi 

jakožto vhodnějšími substráty pro SERS monovrstevného grafenu (SLG) než jakými 

jsou 3D struktury. 2D nanočásticové (NČ) struktury modifikované ethanthiolátovým 

spacerem, nanesené na povrch SLG umožňovaly získat SERS spektra neporušeného 

grafenu. Byl připraven i inverzní hybridní systém označovaný jako soubor AgNČ/SLG, 

u kterého bylo pozorováno SERS spektrálním testováním slabé negativní dopování 

grafenu, které bylo způsobeno přítomnými Ag nanočásticemi.  

Třetí část práce se zabývá hybridním systémem tvořeným soubory 

AgNČ/SLG/H2Pc(MV) [MV = monovrstva] a využívaným ke zkoumání mechanismu 

kombinovaného povrchem a grafenem zesíleného Ramanova rozptylu (SERS + GERS) 

monovrstvy molekul H2Pc. Pomocí mikro-Ramanova spektrálního testování hybridního 

systému a referentního vzorku na 5 excitačních vlnových délkách byly určeny SERS, 

GERS a SERS + GERS faktory zesílení. Rovněž byly vytovřeny SERS + GERS 

excitační profily molekuly H2Pc. Byly prokázány dva mechanismy GERSu (i) první 

mechanismus je založen na modifikaci polohy a lokalizace Qy(0,1) elektronového 

přechodu a (ii) druhý mechanismus představuje přenose náboje z Fermiho hladiny SLG 

do LUMO hladiny H2Pc. Rovněž bylo prokázáno jejich aditivní působení s 

elektromagnetickcým mechanismem SERSu. 

  



 

 

Abstract 

In the first part of the Thesis, a new type of active system for SERS and SERRS of 

hydrophobic molecules, namely a 3-dimensional (3D) nanosponge aggregate with 

incorporated hydrophobic molecules has been developed, and tested by fullerene C60 

and hydrophobic free-base tetraphenylporfine (H2TPP). The SERS and SERRS (surface 

enhanced /resonance/ Raman scattering) limits of detection (LODs) of C60 at four 

excitation wavelengths spanning the visible spectral region were found to be by one 

order of magnitude lower than in the reference system, which mimics the previously 

reported ways of utilization of Ag nanosponges as substrates for SERS and SERRS. The 

superiority of the newly developed sample is attributed to the efficient localization of 

the hydrophobic molecules into hot spots in 2D fractal aggregates of Ag nanoparticles 

(NPs). Diprotonation of H2TPP during the procedure using HCl as the preaggregation 

agent has been eliminated by employment of NaCl. On the other hand, investigation of 

the mechanism of H2TPP protonation during the former preparation procedure opened a 

possibility to employ Ag nanosponge aggregate as nanoreactor.  

In the second part of the Thesis, 2D assemblies of AgNPs were found to be better 

substrates for SERS of single layer graphene (SLG) than the 3D ones. In particular, the 

2D assembly of Ag NPs modified by ethanethiolate spacer deposited on SLG on glass 

enabled to obtain SERS of unperturbed SLG. By inversion of the preparation procedure, 

AgNPs array/SLG hybrid systems were prepared, and a weak negative doping of SLG 

by Ag NPs was revealed by SERS spectral probing.  

In the third part, the last mentioned hybrid system was employed as a platform for 

assembling of AgNPs arrays/SLG/H2Pc (ML) [H2Pc = free base phthalocyanine, ML = 

monolayer] hybrid system for investigation of the mechanism of combined surface- and 

graphene-enhanced Raman scattering (SERS+GERS) of a monolayer of planar aromatic 

molecule, namely H2Pc. By micro-Raman spectral probing of the hybrid sample as well 

as of the appropriate reference systems at 5 excitation wavelengths, SERS, GERS and 

SERS + GERS enhanced factors and SERS + GERS excitation profiles of H2Pc spectral 

bands were determined. Two mechanisms of GERS, in particular (i) modification of the 

position and localization of the Qy (0,1) electronic transition in the visible region and (ii) 

a charge transfer from Fermi level of SLG (positioned at -4.4 eV) to LUMO of H2Pc 

and their additive operation with the electromagnetic mechanism of SERS were 

established.  
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1. Introduction 

1.1. Focus of the Thesis 

Design, preparation and utilization of plasmonic metal nanostructures (NSs) have 

been the subject of interest for more than 40 years [1–17]. First, it was closely 

connected with the development of surface-enhanced Raman scattering (SERS) 

spectroscopy, and, in the last two decades, with the broad and rapidly evolving field of 

plasmonics, into which SERS spectroscopy has been included as well [2–17]. Among a 

variety of plasmonic metal nanostructures, Ag nanoparticle (NP) assemblies have been 

in the forefront of interest for several reasons: (i) nanostructured Ag is the most efficient 

plasmonic enhancer of visible radiation, (ii) Ag nanoparticles (NPs) can be easily 

prepared by simple chemical procedures which allow for at least some control over their 

sizes and size-distributions, and, (iii) Ag NPs can be assembled to 2-dimensional (2D) 

and/or 3D of various morphologies [2–17]. There is thus a challenging possibility to 

tailor Ag NPs assemblies for particular research tasks and/or applications. 

Several important issues are currently addressed in SERS spectroscopy. One of them 

is an efficient localization of molecules into strong, nanoscale localized optical fields 

dubbed “hot spots” generated by an external optical excitation in the abovementioned  

2D and 3D assemblies of Ag NPs. The importance of “hot spots” generation in Ag NP 

assemblies for achievement of large SERS enhancement by the electromagnetic (EM) 

mechanism (with the enhancement factors up to 1×10
11

) has been established by 

numerous theoretical and experimental studies [13–17]. On the other hand, localization 

of certain types of molecules, in particular of the hydrophobic molecules insoluble in 

water or in a water – miscible solvent into the “hot spots” in Ag NP assemblies still 

remains a challenge. Another challenging task for SERS spectroscopy is SERS of 

graphene, particularly of the single layer graphene (SLG), for which Raman 

spectroscopy is an excellent characterization tool [18,19]. SLG as a single sheet of sp
2
 

hybridized carbon atoms represents a very unusual type of “adsorbate”, for which 

achievement of SERS enhancement by the EM mechanism with a minimum 

perturbation of its native structure is requested. 

Preservation of the native structure of the adsorbates (particularly of the biologically 

important molecules) in hybrid systems with Ag NP assemblies has been an important 

issue since the early days of SERS spectroscopy, and motivated development of various 
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types of molecular spacers [20–22]. Recently, it was proposed and demonstrated that 

SLG can not only act as a spacer between planar aromatic molecules and plasmonic 

metal NS, but that it is the first type of spacer which can further enhance SERS of 

planar aromatic molecules by means of graphene-enhanced Raman scattering (GERS) 

[23–26]. The systematic research on the mechanisms of GERS recently summarized in 

[25,26] arises an important question about the simultaneous operation of the EM 

mechanism of SERS [2–17] and of one of the four proposed mechanisms of GERS [24] 

for a particular type of planar aromatic molecules localized in a hybrid system with 

SLG and Ag NP assembly, i.e. on the top of a combined Ag NP assembly-SLG 

platform. 

1.2. Fundamentals of surface-enhanced Raman scattering (SERS) and 

graphene-enhanced Raman scattering (GERS) 

SERS spectroscopy is a widely used spectro-analytical method, which utilizes 

enhancement of Raman scattering by plasmonic metal NSs such as plasmonics 

nanoparticles (NPs) and their assemblies. SERS spectroscopy is used in qualitative and 

quantitative analytical analysis, surface chemistry, medical and environmental research, 

and also in material science, art conservation and archeology [2–12]. SERS 

spectroscopy allows studying molecules at single molecule level, which further 

increases its applications [13–17]. 

SERS was first observed by Fleischmann et al. in 1974 [27]. The study was focused 

on Raman spectral studies of pyridine at a roughened Ag electrode. They observed that 

the signal intensity of pyridine was unusually high. However, Fleischmann explained 

this phenomenon as a consequence of localization of more molecules of pyridine to the 

roughened (enlarged) surface of the electrode. In 1977, Van Duyne et al. and 

Creighton et al. proved and described, that increasing of the Raman signal is caused by 

a new effect called surface-enhanced Raman scattering [28,29]. One year later, 

Moskovits attributed this effect to excitations of dipolar surface plasmons on 

nanostructured surfaces of free-electron metals (namely Ag, Au or Cu) and to emission 

of the resulting dipoles [30]. Only later, when this mechanism, dubbed the 

electromagnetic (EM) mechanisms of SERS, has been firmly established, these metals 

started to be called the plasmonic metals. At the beginning of 21
st
 century, SERS 

spectroscopy provided and important input into a new branch of nanoscale optics 

dubbed plasmonics, and became an inherent part of this research field [8]. In addition to 
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the roughened electrodes, a variety of nanostructured surfaces has been tested and 

employed for SERS spectroscopy, e.g. aggregated hydrosols of plasmonic metal NPs 

island films, etc. It has been established that aggregates of plasmonic NPs amplify 

Raman scattering of molecules more efficiently than the isolated metal plasmonics NPs. 

Particularly efficient light amplifiers have been the nanostructures in which “hot spots”, 

(strong nanoscale localized optical fields) are generated by an optical excitation [13–

17]. 

For many years, Raman signal of molecules has been amplified only by plasmonics 

metals, but in recent years, graphene, and, in particular, single layer graphene (SLG) 

emerged as another light amplifier. A new phenomenon dubbed graphene-enhanced 

Raman scattering (GERS) was discovered and described by Ling et al. in 2010 [23]. 

After this discovery, many scientists have focused on the study of the mechanisms of 

GERS [25,26]. Another major step on this research field has been done by Barros and 

Dresselhaus who described four conditions and two basic rules for GERS observation 

[24].  

A very promising and interesting field of research appears to be the combination of 

both effects, i.e. of SERS and GERS.  

1.3. Mechanisms of SERS 

Surface-enhanced Raman scattering (SERS) originates from coupled optical 

responses of plasmonic metal nanostructures and of molecules located on (or in a close 

vicinity of) their surfaces. In this coupled system, both the incident light and the light 

inelastically scattered by the molecules in the Raman scattering process are enhanced by 

the resonance optical responses of the plasmonic metal nanostructures [2–17]. These 

resonance optical responses are based on a resonance excitation of dipolar surface 

plasmons localized on the individual NS (such as an Ag NP represented by a simplified 

single sphere model) followed by the resulting dipoles emission. In classical physics 

terms, the process is known as resonance Mie scattering of light. This enhancement 

mechanism is denoted as the electromagnetic (EM) mechanism of SERS. The EM 

mechanism is the principal mechanism of SERS and operates independently on the 

nature of the target molecular species. For explanation of EM mechanism, the model of 

an isolated, spherical NP with size about 5 – 20 nm was chosen (Figure 1). The 

enhancement factors achieved by operation of the EM mechanism are dependent on the 

optical characteristics (namely on the n and k components of the complex refraction 
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index N) of the metal, on the morphology of the nanostructured surface and on the 

wavelength of the exciting radiation, and their values range from 10
4
 – 10

11
 [2–17].  

 

Figure 1: Schematic depiction of the model of plasmonic NP – molecule system.  

 

Provided that the wavelength of incident light obeys simultaneously with the EM 

resonance condition also a molecular resonance condition defined by an overlap 

between the SERS excitation wavelength and an electronic absorption band involving 

the molecular orbitals of the studied molecule, the molecular resonance mechanism also 

contributes to the overall enhancement of Raman scattering. In the case that the 

resonant electronic transition is inherent to the molecule itself, the overall scattering 

process is dubbed surface-enhanced resonance Raman scattering (SERRS). Provided 

that the resonant electronic transition originates from the metal surface-molecule 

bonding (chemisorption), the molecular resonance contribution is referred to as the 

chemical mechanism of SERS. The mechanisms and applications of SERS have been 

the subject of several monographs, reviews and feature articles [2–17, 31–35]. 

1.4. SERS active surfaces and systems relevant for the Thesis 

1.4.1. Ag nanoparticle hydrosols 

Ag NP hydrosols are the most commonly used surfaces for SERS spectral 

measurements. Ag NPs hydrosols are popular due to their easy preparation by several 

types of chemical procedures [20,36–39], and they are also commercially available. 

Hydrosols of Ag NPs can be prepared also by laser ablation of a Ag target in an aqueous 

ambient [40–43], however, the most common type of preparation is a chemical 

reduction of AgNO3 by a suitable reducing agents such as NaBH4, NH2OH·HCl etc. in 

the aqueous ambient [20,21,36–39]. The type of the reducing agent and of the 



 

15 

 

preparation procedure affects morphological, optical and chemical properties of the 

hydrosols such as the average size, size distribution and concentration of the NPs, 

surface potential and/or the oxidation state of adsorption sites on AgNPs surfaces. The 

presence of the particular adsorption sites affects the type and strength of adsorption of 

the molecules onto the AgNPs surface.  

The largest SERS enhancement is provided by Ag NP hydrosols which contain 

aggregated NPs [2–17]. Aggregation of NPs can be caused by addition of testing 

adsorbate with or without a preaggregating agent (e.g. Cl
-
 ions). Aggregation of metal 

NPs in hydrosols causes changes in the plasmon resonance, and this effect manifests 

itself by changes of SPE (surface plasmon extinction) spectrum. Interaction of 

individual spherical particles in an AgNPs aggregate leads to splitting of the original 

SPE spectral band of an assembly of isolated Ag NPs (parent Ag NP hydrosol) due to 

dipole-dipole interactions of individual optical excitations of the NPs in the aggregates. 

The original SPE band is split into two bands, the maximum of the first band is 

localized close to the maximum of the original SPE band, the second band is shifted to 

the higher wavelengths (i.e. red – shifted) and broadened. 

The largest amplification of radiation is obtained by localization of molecules into 

specific locations of interacting NPs such as dimers and/or fractal aggregates (Figure 2). 

The largest enhancements by the EM mechanism are provided by the assemblies of 

AgNPs containing “hot spots” (strong optical fields localized into the nanometer 

dimensions). Existence of “hot spots” has been predicted theoretically and proved 

experimentally both in large fractal aggregates of Ag nanoparticles and in dimers and 

very small aggregates of these nanoparticles [13–17]. 

 

 

Figure 2: Depiction of localization of “hot spots” in (A) fractal aggregates (B) dimer of 

closely spaced NPs and (C) intergrown NPs dimer. Adopted from [13–16]. 
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1.4.2. Localization of hydrophobic molecules into Ag NPs assemblies 

originating from Ag NP hydrosols  

Localization of hydrophobic molecules into Ag NP assemblies originating from Ag 

NP hydrosols (earlier denoted as Ag colloids) has been a challenge for more than 

20 years. First, amphiphilic adsorbates have been efficiently incorporated into Ag 

colloid – adsorbate films constituted by 9 – 10 nm sized Ag NPs (originating from Ag 

NP hydrosols, i.e. Ag colloids prepared by reduction of AgNO3 by NaBH4) and formed 

at the interface between the Ag NPs hydrosol and a solution of an amphiphilic adsorbate 

in dichloromethane (CH2Cl2). These Ag NPs – amphiphilic adsorbate films deposited 

on glass slides were shown to be good quality and stable samples for SERS and/or 

SERRS [44]. In contrast to that, employment of the same preparation procedure for a 

hydrophobic adsorbate (namely tetraphenylporhine, H2TPP) resulted into formation of 

2D fractal aggregates with the extremely low fractal (Hausdorff) dimension of D=1.2. 

After deposition on glass slides, no SERRs or SERRS signal of the hydrophobic 

porphyrin could be obtained [44].  

Furthermore, interfacial Ag colloid – ethanethiol films were prepared in the two-

phase system constituted by an Ag NP hydrosol (aqueous Ag colloid prepared by a 

modification of the original procedure of the reduction of AgNO3 by NaBH4) and a 

solution of ethanethiol in dichloromethane [21]. SERS spectra of the glass – deposited 

films confirmed modification of Ag NPs by the chemisorbed thiol. The deposited films 

were used as substrates for adsorption of hydrophobic, water insoluble species, namely 

H2TPP and β-carotene, from their 1×10
-5

 M dichloromethane solutions. Good quality 

SERRS spectra of the chemically unperturbed hydrophobic adsorbates have 

demonstrated that these films can be employed as spacer – modified substrates for 

SERRS of water insoluble chromophoric molecules [21]. In addition to that, TEM 

images of the deposited Ag NPs – ethanethiol films have shown the slightly irregular 

2D morphology of these films [22]. 

Finally, incorporation of hydrophobic adsorbates, namely β-carotene, H2TPP and 

C60, into multilayer interfacial Ag colloid (H2SO4) – adsorbate films has been 

successfully accomplished at the interface between Ag NP hydrosol modified by 

addition of sulphuric acid and a 1×10
-4

 M solution of the hydrophobic adsorbate in 

dichloromethane. TEM images of the films show enlargement and sintering of parent 

Ag nanoparticles (prepared by reduction of AgNO3 by NaBH4). SERS and SERRS 



 

17 

 

spectra of the unperturbed adsorbates were obtained from the films at 514.5 nm 

excitation with the excitation power as low as tens of mW [45]. 

1.4.3. Nanoporous Ag networks as substrates for SERS 

In connection with the development of micro – Raman spectroscopy, macroscopic 

3D Ag nanostructures started to be of interest as substrates for SERS. The highest 

benefits of their microRaman probing include the possibility to obtain the optical image 

of the measured substrate and/or sample and to localize the excitation laser beam onto a 

particular spot on the sample with a ~1 μm resolution. Another benefit is the possibility 

of Raman spectral mapping, which enables to assess the homogeneity or inhomogeneity 

of the sample [2–9].  

Currently, nanoporous metallic networks are at the forefront of the research, because 

they exhibit unique optical properties which make them applicable in many fields such 

as materials for photonics and optoelectronics, catalysis, sensing applications etc. [1]. 

Their sensing applications have been focused also on SERS and/or SERRS spectral 

detection of analytes [46–48]. The pores in the networks can be ordered or distributed 

randomly. Many research groups focus on preparation of highly ordered nanoporous 

networks. These types of networks can be prepared mostly by lithographic techniques or 

by templating. Colloidal crystals build up from dielectric materials such as silica, block-

copolymers or imprinted polymers can be used as templates. In the case that polymer is 

used as a carrier, metal NPs are incorporated into the polymer internal structure. The 

disordered (sponge-like) networks have been prepared by dealloying, colloidal 

assembling combined with supercritical drying, non – sacrificial templating and /or 

physical vapor deposition. [1] 

For example, Ron et al. [49] developed a method for preparation of the pure 3D 

nanoporous metallic networks based on physical vapor deposition (PVD) of a metal on 

an electrostatic silica aerogel substrate.  

Although by using the PVD methods, pure and relatively large nanosponge/ 

nanoporous structures are obtained, this method is relatively expensive for producing of 

SERS substrates. Much cheaper are preparations of nanosponge/nanoporous networks 

by chemical procedures.  

Tang et al. [46] prepared several types of metal nanosponges by reducing of metal 

ions complexes (AgNO3, HAuCl4, K2PdCl4 etc.) by hydrazine to obtain metal NPs. 

Then they prepared metal nanosponge/nanoporous structures by reducing of NPs by 
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ethanol in temperature control oscillator. They were able to prepare large discs with 

nanoporous/nanosponge structure, and they tested them as SERS and/or SERRS 

substrates. In particular, Rhodamine B was detected by SERRS at 1×10
-7 

M 

concentration. Furthermore, Ag-bacterial cellulosic sponges were prepared and tested as 

SERS – active substrates using thiosalycylic acid and 2,2-dithiodipyridine as analytes 

and obtaining the 1×10
-4 

M limit of their detection [47]. Determination of pesticides by 

capillary chromatography and SERS detection using Ag – quantum dots 

nanocomposites as substrates has been reported and the limits of the pesticides detection 

were found to range from 0.2 to 0.5 ng [48].  

In summary, Ag nanoporous networks, particularly the disordered ones with sponge-

like morphologies, appear to be prospective substrates for SERS. On the other hand, 

some of the currently employed procedures of their preparation are synthetically quite 

demanding. Moreover, in all cases of their SERS spectral testing, the Ag nanosponges 

were employed as substrates, into which adsorbates were deposited by soaking into the 

pores from their solutions. The testing was done by hydrophilic and/or amphiphilic 

adsorbates. Nevertheless, one can assume that deposition by soaking from a solution 

could be applicable for hydrophobic species as well. 

A markedly different approach to assembling of Ag nanosponges, and, in particular 

to incorporation of the hydrophilic and amphiphilic adsorbates into these nanosponges 

has been developed and reported in my Bachelor and Master thesis [50,51] and in ref. 

[52]. The approach is based on formation of 2D fused fractal aggregates by 

modification of ~30 nm Ag NPs in hydrosol (prepared by reduction of AgNO3 by 

NH2OH·HCl) by addition of aqueous solutions of HCl and the testing adsorbate, and on 

their subsequent 3D assembling into a Ag nanosponge aggregate with the adsorbate 

incorporated into its internal structure. In this Thesis, I have undertaken a challenging 

task to develop a new preparative strategy which would enable to incorporate the 

hydrophobic adsorbates into a similar Ag nanosponge structure. 
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1.5. Testing adsorbates 

1.5.1. Fullerene C60 

Fullerenes are significant molecules belonging to the group of carbon allotropes. 

Fullerenes are molecules formed from carbon atoms arranged to pentagons or hexagons, 

which are mostly closely packed into the spheres of ellipsoids. One of the most famous 

fullerenes is fullerene C60 also called Buckminster fullerene. Its structure is depicted in 

Figure 3. The name was given after the American 

architect Buckminster Fuller, which designed 

geodetic domes of similar shape as fullerene C60. 

Fullerene C60 was discovered in 1985 by Richard 

Smalley, Robert Curl, James Health, Sean O´Brien 

and Harold Kroto [53].  

The shape of fullerene C60 molecule is a 

truncated icosahedron (the Ih symmetry). The 

fullerene samples have been prepared mostly by a 

thermal evaporation of graphite in an electric arc 

in an inert gas atmosphere. Fullerene C60 was 

studied and used in many applications such as biological sensing, drug delivery, organic 

light emitting diodes, organics photovoltaics or organic field effect transistors [54].  

Fullerene C60 was also studied first by Raman spectroscopy [55,56] and then by 

SERS spectroscopy [57,58]. Comparison of the Raman spectra of a solid C60 film with 

the SERS spectra of C60 adsorbed on roughened (nanostructured) Ag surfaces has 

shown an interesting effect. The strongest Raman band attributed to the pentagonal 

pinch mode of C60 molecule and observed at 1470 cm
-1

 in the solid C60 film [55], was 

shifted to 1435 cm
-1

 in the SERS spectra [57]. Similar shifts were observed also in other 

SERS spectral studies [58] and explained by interaction between the π electrons of 

fullerene C60 and Ag aggregates. By contrast, SERS spectrum of unperturbed C60 was 

obtained from Ag colloid (H2SO4) – C60 films prepared in a two phase system 

constituted by H2SO4 – modified Ag NP hydrosol and a dichloromethane solution of C60 

[45].  

 

 

Figure 3: Structure of fullerene 

C60 
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1.5.2. 5,10,15,20-Tetraphenyl-21H, 23H-porphine  

Porphyrins belong to a large group of heterocyclic and macrocyclic organic 

compounds, and they are known as biologically 

important chromophores, e.g. in chromophoric 

proteins. Porphyrins are used in molecular 

biology for specific sensing of DNA, in solar 

energy conversion as sensitizers in dye-

sensitized solar cells, and, most importantly, as 

sensitizers in photodynamic therapy of cancer. 

[59,60] 

One of the widely studied hydrophobic 

(water insoluble) free – base porphyrins is 

5,10,15,20-tetraphenyl-21H,23H-porphine 

(H2TPP). The structure of H2TPP is shown in 

Figure 4. 

Electronic absorption spectra of H2TPP show the very intense Soret (B) band at 

419 nm and four Q bands (due to D2h molecule symmetry). The strongest Qy(1,0) band 

maximum is located at 514 nm, and the other three Q – bands are Qy(0,0) at 549 nm, 

Qx(1,0) at 592 nm and Qx(0,0) at 647 nm.  

Resonance Raman (RR) spectra of H2TPP measured upon excitation into the Soret 

band were reported e.g. in ref. [61,62]. Raman spectral bands of solid H2TPP in a KBr 

pellet were found at 198, 330, 636, 961, 1001, 1075, 1232, 1292, 1330, 1361, 1487, 

1497 and 1550 cm
-1

 [62].  

In SERS and SERRS spectroscopy of free – base porphyrins in systems with Ag 

nanostructures, in particular with Ag NP assemblies, preservation of the native structure 

of the porphyrins and prevention of their Ag metallation is an important issue [20]. 

Good quality SERRS spectra of unperturbed H2TPP were obtained first from the Ag 

colloid – ethanethiol – H2TPP films, in which Ag colloid (NPs) – ethanethiol film was 

employed as a spacer – modified substrate for SERRS of H2TPP [21]. SERRS spectrum 

of unperturbed H2TPP was obtained also from Ag colloid (H2SO4) – H2TPP films 

prepared in a two phase system constituted by H2SO4 – modified Ag NP hydrosol and a 

dichloromethane solution of H2TPP [45]. Hajdukova et al. [63] reported SERRS spectra 

of native H2TPP deposited from a solution onto Ag NPs immobilized on a glass slide by 

aminopropyltrimethoxysilane (APTMS). They found, that APTMS also serves as a 

Figure 4: Structure of H2TPP 
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molecular spacer, and they achieved a relatively low, 8×10
-8 

M limit of SERRS spectral 

detection of the porphyrin. All these SERRS spectral measurements were performed at 

514.5 nm excitation [21,45,63]. 

Interestingly, molecules of the hydrophobic H2TPP can be diprotonated yielding the 

diacid form of the porphyrin, H4TPP
2+

. The diacid form can be prepared either 

chemically by a very strong acidification of H2TPP solutions, or by a complex 

photoexcited radical reaction of H2TPP with a chlorinated solvent, e.g. chloroform [64]. 

RR spectra of H4TPP
2+

 measured upon excitation into the Soret band were reported e.g. 

in ref. [61,62]. In the later paper, assignment of both Raman and IR spectral bands of 

H4TPP
2+

 supported by DFT calculations has been provided [62]. 

1.5.3. 29,31H-Phthalocyanine 

Phthalocyanines are planar aromatic molecules characteristic by a high degree of 

symmetry and electron delocalization. Phthalocyanines are formed from isoindole rings 

at the four corners linked together by four nitrogen atoms. The central macrocycle 

consists of a 16 membered ring in which the two imino-hydrogen atoms are replicable 

by metal.  

Free – base phthalocyanine H2Pc is an 

aromatic planar centrosymmetric 

molecule of D2h symmetry. Its structure is 

depicted in Figure 5. 

H2Pc is studied for its utilization in 

optics and photonics such as optical 

switching and limiting devices, light-

emitting devices, dye – sensitized solar 

cells, and as a photosensitizer in 

photodynamic therapy of cancer [65].  

Molecules of H2Pc exhibit strong 

fluorescence, which has complicated 

measurements of Raman spectra in solutions and polymer matrices [66]. On the other 

hand, when thin films of phthalocyanine were used for measurements, no interference 

of fluorescence was observed [67]. A detailed assignment of infrared (IR) and Raman 

spectral bands of H2Pc obtained from H2Pc molecules in isolated matrices and 

supported by DFT calculations has been reported in ref. [68]. 

Figure 5: Structure of H2Pc 
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In the electronic absorption spectra of H2Pc, the Soret (B) band is observed in the 

near ultraviolet region. The Q band in the visible spectral region is split into the Qx and 

Qy bands due to removal of the degeneracy between the first and the second excited 

states caused by the D2h symmetry of the H2Pc molecule [69]. It was found, that the 

electronic transitions giving rise to Q bands are localized mainly on the macrocycle, 

while the Soret (B) band is delocalized over the benzene rings. [67]. The absorption 

maxima of the Qx and Qy bands in the visible region depend on the ambient in which the 

H2Pc molecules are located. In particular, the Qx bands are located in the 670 – 702 nm 

range and the Qy bands in the 627 – 666 nm range in the systems reported previously 

[66,69], namely in isolation matrices [70], a chloronaphtalene solution [66], and in 

polysiloxane films [66].  

As mentioned above, Raman spectral measurements of H2Pc are complicated by 

intense fluorescence. On the other hand, when H2Pc is adsorbed onto the roughened 

metal surface, fluorescence is strongly quenched, and SERS and SERRS spectra of 

H2Pc have been measured [69,71]. In the later paper, detailed SERRS excitation profiles 

of both Qy and Qx electronic absorption bands were reported.  

Importantly, H2Pc has also been among the very first molecules probed for GERS in 

2010 [23].
 
Raman spectra of Si/SiO2/SLG/H2Pc hybrid samples prepared by H2Pc 

sputtering onto the SLG surface were measured at 488.0, 514.5 and 633 nm wavelength 

and quenching of the H2Pc luminescence has been demonstrated. GERS enhancement 

of H2Pc spectral bands by factors 5 – 15 has been determined in relation to the 

Si/SiO2/H2Pc reference sample at 633 nm excitation. On the other hand, the actual 

mechanism of GERS enhancement has not been established, and the LUMO and 

HOMO energies considered in that paper [23] were not appropriate, because the value 

of their difference corresponded with the B (Soret) electronic transition (in the UV 

spectral region) rather than with the Qx electronic transition which represents the actual 

HOMO – LUMO transition. 

1.5.4. Single layer graphene (SLG) 

Graphene is a relatively new material, which is at the forefront of interest of many 

research groups. In general, it is a 2D sheet of sp
2
 – hybridized carbon, which is 

honeycomb structured as demonstrated in Figure 6. Especially single layer graphene 

(SLG) exhibits special thermal, mechanical and electrical properties [72].  
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In 2004, SLG was first isolated 

by Novoselov and co-workers at 

Manchester University by 

exfoliation from graphite [73].  

Since that time, novel types of 

preparation procedures were 

developed and tested. Nowadays, the 

chemical vapor deposition (CVD) is 

the most frequently employed 

procedure of SLG preparation 

[74,75]. With the increasing of number of single graphene layers and formation bi- or 

multilayer layer graphene samples, the unique properties of graphene change markedly 

[72]. Raman spectroscopy has emerged as a suitable non – destructive tool for probing 

and characterization of graphene samples, with the ability to reveal strain, defects, 

doping as well as the actual number of single layers within a particular graphene sample 

[18,19]. 

 

Figure 7: SERS spectra of graphene at four excitation wavelengths showing shifts and 

disorder of graphene sample.  

 

The Raman spectrum of pristine graphene contains only two bands – the G mode and 

the 2D mode sometimes called G´ mode. All other bands are spectral features of 

Figure 6: Structure of SLG 
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defects. Typical SERS spectra of SLG are shown in Figure 7.The G band is a sharp 

band that appears around 1585 cm
-1

. The band is an in-plane vibrational mode of C – C 

bond stretching. The wavenumber position of the G mode band is very sensitive to 

strain and doping. The D band, mostly known as the disorder or the defect band appears 

in the 1250 – 1400 cm
-1

 range. This band corresponds to the breathing of the six – atom 

rings and it is strongly related to the defect presence. The intensity of the D band in 

highly ordered pristine graphene is typically weak, in an ideal case, no D band is 

observed. With the increase of the D band intensity, decrease the quality of the 

graphene sample decreases, since a strong D band indicates a high amount of defects in 

the sample. The D´ band is another band pointing to the defects in the structure. The 

presence of defects is necessary for its activation. The D´ mode position is around 

1620 cm
-1

. The 2D band appears around 2500 – 2800 cm
-1

 and this band is result of two 

phonon lattice vibration process. Sometimes is the 2D band referred as an overtone of 

the D band, but unlike the D band, no defects are required for its activation. 

Analogously to the D band position, also the 2D band position strongly depends on the 

excitation wavelength used for measurement, i.e. both these modes are dispersive. 2D´ 

band is the overtone of the D´ band and its position is around 3240 cm
-1

. 

Finally, the combination bands can be observed. The first, D + D´´ band is usually 

observed at 2450 cm
-1

,  and the second D + D´ band usually appears at 2970 cm
-1

 

[18,19]. 

Furthermore, SERS spectroscopy of SLG has been successfully employed for 

revealing of the effect of coupling of SLG with plasmonic metal nanostructures, e.g. Ag 

or Au NPs arrays, on doping, strain and/or defects formation experienced by SLG in the 

plasmonic metal NPs/SLG hybrid systems. [76–84].
 

 The SERS enhancement 

experienced by the SLG modes has been attributed to the EM, i.e. the localized plasmon 

resonance mechanism of SERS [79]. SERS spectra of SLG were obtained from hybrid 

systems constituted by SLG and the overdeposited plasmonic NPs as well as from the 

assemblies of plasmonic NPs overlayed by SLG [76–83]. A comparison of SERS of 

SLG from these two types of hybrid systems has been attempted, however, it was 

hampered by different morphologies of the Ag NPs and of their assemblies in each of 

them [84]. 

Graphene can be also used as a platform for the enhancement of Raman scattering of 

molecules, preferably of the planar aromatic ones. This process is called Graphene – 
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enhanced Raman scattering (GERS) and it is a quite new tool in Raman sensing [23–

26].  

1.6. Mechanisms of GERS 

Graphene – enhanced Raman scattering (GERS) spectroscopy is relatively new 

phenomenon, which was first observed in 2010 by Ling et al.[23] and after this 

discovery, this effect is booming in its study [25,26]. GERS is observed from a 

monolayer of aromatic molecules localized on the surface of graphene. The theoretical 

background of GERS was developed by Barros and Dresselhaus [24]. They defined four 

conditions for which GERS provides the largest enhancement.  

 

ħ𝜔0 = 𝐸𝐿 − 𝐸𝐻 or ħ𝜔0 = 𝐸𝐿 − 𝐸𝐻 + ħ𝜔𝑞 1.a 

𝐸𝐹 = 𝐸𝐻 ± ħ𝜔𝑞 •or 𝐸𝐹 = 𝐸𝐿 ± ħ𝜔𝑞 1.b 

ħ𝜔0 = 𝐸𝐹 − 𝐸𝐻 or ħ𝜔0 = 𝐸𝐹 − 𝐸𝐻 + ħ𝜔𝑞 1.c 

ħ𝜔0 = 𝐸𝐿 − 𝐸𝐹 or ħ𝜔0 = 𝐸𝐿 − 𝐸𝐹 − ħ𝜔𝑞 1.d 

• 

Where ħ𝜔0 is excitation energy, EL is the energy of the lowest unoccupied molecular 

orbital (LUMO) state and EH is the energy of the highest occupied molecular orbital 

(HOMO) state of the molecule. EF is the energy of Fermi level of graphene and ħ𝜔𝑞 is 

the phonon energy. 

Based on equations 1.a – 1.d., Barros and Dresselhaus formulated two basic 

selectivity rules for GERS – the Energy Level Rule and the Structure Rule.  

The first rule says that HOMO and LUMO levels of the molecule need to be in the 

appropriate energy range with respect to graphene Fermi level to be probed by a given 

set of laser excitation wavelengths. The conditions, under which the largest GERS 

enhancements will be observed, are defined by equations 1.a – 1.d listed above. The 

second rule predicts that the largest GERS enhancement will be achieved for molecules 

with the symmetry compatible to the symmetry of the graphene units (D6h) i.e. for those 

with the Dnh symmetry [24]. 

1.7. Hybrid systems for combined SERS and GERS 

Hybrid systems constituted by plasmonic nanostructures and SLG, as well as their 

employment as platforms for surface – enhanced Raman scattering (SERS) of molecular 

species, has recently become a subject of interest due to a possible contribution of SERS 
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as well as GERS enhancement to Raman signal of detected molecules. [85 – 89] On the 

other hand, only very few studies were targeted specifically on investigation of the 

mechanism of the combined SERS+GERS of aromatic molecules, e.g. [85]. In this 

study, regular Au nanostructures constituted by Au nanoparticles (NPs) and/or nanohole 

arrays were employed for a comparison of SERS+GERS spectra of methylene blue 

(MB) dye obtained from the Au nanostructure/ SLG/MB hybrid system with its SERS 

spectra from the Au nanostructure/MB hybrid at 647 nm excitation. A 3 fold and/or 9 

fold additional average GERS enhancement of MB vibrational modes was established in 

the former system with the nanoholes and the nanoparticles, respectively [85]. 
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2. Objectives 

I. New strategy of incorporation of hydrophobic molecules into fractal aggregates 

of Ag NPs, 3D assembling of the fractal aggregates, and SERS and SERRS 

microRaman spectral probing of the importance of the molecules localization into 

“hot spots” 

(i) Design, development and optimization of preparation procedures enabling 

localization of hydrophobic molecules (insoluble both in water and in water – miscible 

solvents), namely fullerene C60 and 5,10,15,20-tetraphenyl-21H,23H-porphine (H2TPP) 

into 2D fractal aggregates of Ag NPs originating from Ag NP hydrosols. 

Characterization of the aggregates by transmission electron microscopy (TEM) 

imaging, including determination of their fractal (Hausdorff) dimension. 

(ii) 3D assembling of the 2D fractal aggregates (both with and without incorporated 

hydrophobic molecules) into macroscopic (~ 1mm
3
) aggregates. Characterization of the 

aggregates morphology by scanning electron microscopy (SEM). 

(iii) SERS and SERRS micro-Raman spectral probing of the 3D aggregates with 

incorporated C60 or H2TPP molecules and of the reference samples with the same 

molecules adsorbed from solutions into the pre-prepared empty aggregates. 

Determination and mutual comparison of the concentration values of the SERS spectral 

limits of detection (LODs) of C60 and/or H2TPP in both types of aggregates. 

Quantitative evaluation of the impact of C60 and/or H2TPP incorporation into the parent 

2D fractal aggregates for achievement of the low LOD values. 

 

II. New Ag NPs assemblies as platforms for SERS of single layer graphene (SLG) 

(i) Design, preparation and optimization of Ag NP assemblies – SLG hybrid systems for 

SERS of SLG.  

(ii) Acquisition and interpretation of SERS spectra of SLG from the hybrid systems 

with Ag NP assemblies, and with and without a molecular spacer. 

(iii) Development of an optimized Ag NP assembly – SLG platform for combined 

SERS+GERS (GERS = graphene – enhanced Raman scattering) of planar aromatic 

molecules with a broad surface plasmon extinction (SPE) spectral band of the Ag NP 

assembly spanning the visible spectral region. 
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III. Probing combined surface- and graphene-enhanced Raman scattering 

experienced by a planar aromatic molecule, namely free-base phthalocyanine 

(H2Pc) in Ag NP assembly-SLG-H2Pc hybrid system 

(i) Preparation of a 3 – component hybrid system constituted by Ag NP assembly on a 

glass substrate overdeposited first by SLG and, subsequently, by a monolayer of H2Pc 

molecules, as well as of the appropriate reference systems.  

(ii) Micro-Raman spectral mapping of the 3 – component hybrid system as well as of 

the reference systems at multiple excitation wavelengths. Probing of observation of the 

combined SERS+GERS by determination of GERS, SERS and SERS+GERS 

enhancement factors and their mutual comparison. 

(iii) Construction and a mutual comparison of SERS+GERS and GERS excitation 

profiles of H2Pc spectral bands. Determination of the actual mechanism(s) of GERS 

experienced by H2Pc in the Ag NP assembly – SLG – H2Pc hybrid system and in the 

SLG – H2Pc reference system and exploration of the additivity of SERS and GERS of 

H2Pc in the 3 – component hybrid system. 
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3. Experimental 

3.1. Materials 

3.1.1. Chemicals 

 Silver nitrate – AgNO3 (Merck, p.a.) 

 Hydroxylamine hydrochloride – NH2OH·HCl (Sigma Aldrich) 

 Sodium borohydride – NaBH4 (Merck, p.a.) 

 Sodium hydroxide – NaOH (Merck, p.a.) 

 Ethanethiol (Sigma Aldrich) 

 Toluene for spectroscopy – C7H8 (Merck) 

 Dichloromethane for spectroscopy – CH2Cl2 (Merck)  

 29, 31H-Phthalocyanine – H2Pc (Sigma Aldrich) 

 Fullerene C60 (Sigma Aldrich) 

 5,10,15,20-tetraphenyl-21H,23H-porphine – H2TPP (Sigma Aldrich) 

 Nitric acid – HNO3 (Lach-Ner, p.a.) 

 Hydrochloric acid – HCl (Lach-Ner, p.a.) 

 Sulphuric acid – H2SO4 (Lach-Ner, p.a.) 

 Hydrogen peroxide – H2O2 (Lach-Ner, p.a.) 

 Chromsulfuric acidic mixture (Lach-Ner, a.) 

 Doubly distilled deionized water  

 Single – layer graphene (SLG): samples containing SLG were prepared at the 

Heyrovsky Institute of Physical Chemistry, by members of the Dr. Kalbáč´s 

group.  

3.1.2. Chemical glassware and cuvettes 

All glassware was cleaned by a double distilled water, dilute nitric acid (1:1), 

peroxymonosulfuric acid, aqua regia and once again by the doubly distilled water. In 

each bath, the glassware was soaked at least for 30 minutes. Cuvettes for UV/Vis 

measurements were also washed by chromsulfuric acid. Between immersions into each 

bath, the glassware was rinsed by deionized water and the final rinse was done by the 

doubly distilled water.  
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3.2. Preparations of AgNPs hydrosols 

3.2.1.  Preparation of HA-AgNPs hydrosol 

HA-AgNPs hydrosols were prepared by reduction of AgNO3 by Hydroxylamin 

hydrochloride (NH2OH∙HCl). This procedure was described in ref. [37] and modified in 

ref. [38]. Briefly, 90.0 mL of 1.6×10
-3

 M NH2OH∙HCl was mixed with 0.3 mL of 

aqueous solution of 1M NaOH. Subsequently, 10.0 mL of 1×10
-2

 M AgNO3 was added. 

Specifically, 10.4 mg of NH2OH∙HCl was dissolved in 90.0 mL of doubly distilled 

water and started to be stirred. To this solution, 30 µL of 1M aqueous solution of NaOH 

(prepared by dissolving of 0.2 g NaOH in 5.0 mL of double distilled water) were added. 

After addition of NaOH, the solution pH changes into slightly alkaline. Subsequently, 

10.0 mL of aqueous solution of AgNO3 (prepared by dissolving of 33.9 mg of AgNO3 

in 20.0 mL of doubly distilled water) were added dropwise. Stirring of the reaction 

mixture was continued for 45 minutes. A glass stirring bar and 350 rpm rotation speed 

of the magnetic stirrer was used for the preparation.   

HA-AgNPs hydrosol is yellow – brown colored and opalescent with average size of 

AgNPs about 27 nm as demonstrated in Figure. 8. 

 

 

Figure 8: (A) HA-AgNPs hydrosol (B) TEM images of AgNPs from HA-AgNPs hydrosol 

(C) Particle size distribution of HA-AgNPs hydrosol 

3.2.2. Preparation of AgNPs hydrosol denoted as BH1 

AgNPs hydrosols denoted as BH1 were prepared by reduction of AgNO3 by NaBH4. 

This procedure was described in ref. [36] and modified in ref. [20]. Briefly, into the 

75.0 mL of 1.2×10
-3

 M NaBH4, 9.0 mL of 2.2×10
-3

 M AgNO3 was added. Specifically, 

3.5 mg of NaBH4 was dissolved in 75 mL of doubly distilled water. This solution was 

cooled to 2.0 °C. After cooling down, the solution of NaBH4 started to be stirred. Into 
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the pre-cooled and stirred solution, 9.0 mL of the aqueous solution of AgNO3 were 

added dropwise. The aqueous solution of AgNO3 was prepared by dissolving of 6.7 mg 

of AgNO3 in 18.0 mL of double distilled water. Stirring of the reaction mixture was 

continued for 45 minutes. A glass stirring bar and 350 rpm rotation speed of the 

magnetic stirrer was used for stirring.   

BH1 AgNPs hydrosol is transparent, yellow colored with the 10 nm average size as 

is shown in Figure 9.  

 

 

Figure 9: (A) BH1 AgNPs hydrosol (B) TEM images of AgNPs from BH1 AgNPs 

hydrosol (C) Particle size distribution of BH1 AgNPs hydrosol 

 

3.2.3. Preparation of AgNPs hydrosol denoted as BH2 

AgNPs hydrosols denoted as BH2 were prepared by reduction of AgNO3 by NaBH4. 

This procedure was described in ref. [21]. Briefly, into the 75.0 mL of 1.2×10
-3

 M 

NaBH4, 9.0 mL of 4.6×10
-3

 M AgNO3 was added. Subsequently, 3.5 mg of NaBH4 was 

dissolved in 75 mL of doubly distilled water. This solution was cooled to 2.0 °C. After 

cooling down, the solution of NaBH4 was stirred.  To the cooled solution, 9.0 mL of the 

aqueous solution of AgNO3 were added dropwise. The aqueous solution of AgNO3 was 

prepared by dissolving of 13.4 mg of AgNO3 in 18.0 mL of double distilled water. 

Stirring of the reaction mixture was continued for 45 minutes. A glass stirring bar and 

350 rpm rotation speed of the magnetic stirrer was used for stirring.   

BH2 AgNPs hydrosol is transparent, yellow colored with the 13 nm average size as 

demonstrated in Figure 10. 
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Figure 10: (A) BH2 AgNPs hydrosol (B) TEM images of AgNPs from BH2 AgNPs 

hydrosol (C) Particle size distribution of BH2 AgNPs hydrosol. 

3.3. Preparations of 3D AgNPs aggregates 

3.3.1.  Preparation of an empty Ag nanosponge aggregate -  

Empty Ag nanosponge aggregates (i.e. those without any incorporated adsorbate) 

were prepared by modification of HA-AgNPs hydrosol by 1M HCl during the 

procedure developed by adaption of the preparation procedure described in ref. [52] for 

Ag nanosponge aggregates with the incorporated hydrophilic adsorbates. 

In a glass vial, 2 mL of HA-AgNPs hydrosol were modified by 10 µL of 1M HCl and 

the closed vial was intensively manually shaken, till the formation of small fused 

aggregates was observed by a naked eye. A single 3D nanosponge Ag aggregate was 

prepared by merging of the fused aggregates by a pipette tip (1 – 1000 µL). Finally, the 

3D Ag nanosponge aggregate was transferred by a pipette tip onto a glass microscopic 

slide with residual aqueous phase and let to dry.  

Alternatively, the residues of the acidified aqueous phase were purposefully left in 

the aggregate pores and used for diprotonation of H2TPP into H4TPP
2+

 (Chapter 

4.1.3.4.).  

Schematic depiction of the aggregate preparation is shown in Figure 11. 

 

 

Figure 11: Schematic depiction of the empty Ag nanosponge aggregate.  
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3.3.2. Preparation of 3D Ag nanosponge aggregate with attempted 

incorporation of hydrophobic adsorbates by adapting the procedure 

used for hydrophilic adsorbates 

This preparation procedure was based on adapting the procedure developed for 

incorporation of the hydrophilic adsorbates into 3D Ag nanosponge aggregates and 

reported in refs [50–52] for the hydrophobic adsorbates, namely H2TPP and C60. The 

procedure has been denoted as type A. In particular, Into a 5 mL weighting bottle, 2 mL 

of HA-AgNPs hydrosol, 10.0 µL of 1M HCl aqueous solution and 20 µL of the testing 

adsorbates (C60 or H2TPP) dichloromethane solution were added. The final 

concentration of testing adsorbate in the active system was varied in the 1×10
-4

 –  

1×10
-10

 M range. The final concentration of HCl in the system was 5×10
-3

 M. The 

closed weighting bottle was intensively manually shaken for 30 – 60 s, i.e. until 

formation of small fused aggregates which was detected by the naked eye. A single 3D 

nanosponge Ag aggregate was prepared by merging of the fused aggregates by a pipette 

tip (1 – 1000 µL). Finally, the 3D Ag nanosponge aggregate was transferred by a pipette 

tip onto a glass microscopic slide with residual aqueous phase and let to dry.  

Nevertheless, the subsequent SERS and SERRS spectral testing of these aggregates 

(Chapter 4.1.1.) has shown a highly irregular distribution of the hydrophobic adsorbate 

within the aggregate. For this reason, other preparation procedures were developed and 

tested (Chapter 3.3.3.). 

Schematic depiction of the aggregate preparation is shown in Figure 12. 

 

 

Figure 12: Schematic depiction of preparation of 3D Ag nanosponge aggregate with 

attempted incorporation of a hydrophobic testing adsorbate. 
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3.3.3. Preparations of 3D Ag nanosponge aggregates with incorporated 

hydrophobic testing adsorbates 

Preparation of Ag nanosponge aggregates from a two – phase system was based on 

the procedure described for the BH-AgNPs hydrosol (10 nm average NP size) in refs. 

[44,45] and modified for the purpose of the Thesis by employment of the HA-AgNPs 

hydrosol (27 nm average NP size).  

The general principle of the Ag aggregate preparation was always the same, but the 

pre-aggregating agent (PA), its concentration and its adding before and after addition of 

the dichloromethane solution of the adsorbate varied depending on the type of the Ag 

aggregates preparation. 

 In a vial, HA-AgNPs hydrosol with dichloromethane solution of selected 

hydrophobic testing adsorbate was mixed in the 1:1 ratio (typically 2 mL of HA-AgNPs 

hydrosol and 2 mL of the dichloromethane solution of testing adsorbate) and then, the 

HA-AgNPs hydrosol was modified by the selected pre-aggregating agent. Based on pre-

aggregation agent used for preparation, different types of Ag nanosponge aggregates 

were prepared. Types of preparation are listed in Table 1.   

The concentration of dichloromethane solution of the testing adsorbate in the 

preparation system varied in the 1×10
-4

 – 1×10
-10

 M range. The closed vial was 

intensively manually shaken for 30 – 60 s, i.e. until formation of small fused aggregates 

on the interface, which was detected by the naked eye. A single 3D nanosponge Ag 

aggregate was prepared by merging of the fused aggregates by a pipette tip (1 – 

1000 µL). Finally, the 3D nanosponge aggregate was transferred by a pipette tip onto a 

glass microscopic slide and let to dry. Schematic depiction and photographical evidence 

of the sample preparation are shown in Figures 13 – 15.  

 

Figure 13: Schematic depiction of 3D Ag nanosponge aggregate preparation with 

incorporated hydrophobic testing adsorbate into its internal structure 
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Figure 14: Photographical evidence of formation of 3D Ag nanosponge aggregate with 

incorporated hydrophobic testing adsorbate into its internal structure (testing 

adsorbate: H2TPP, cM = 1×10
-5

M, PA = 0.1 M HCl) 

 

 

Figure 15: Photographical evidence of formation of 3D Ag nanosponge aggregate with 

incorporated hydrophobic testing adsorbate into its internal structure (testing 

adsorbate: H2TPP, cM = 1×10
-6

M, PA = 0.1 M HCl) 

 

Decreasing of the testing adsorbate concentration in dichloromethane allows for a 

better and more effective formation of small, fused fractal aggregates from which 3D 

Ag nanosponge aggregates are formed.  
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Table 1: Types of 3D Ag nanosponge aggregates preparation  

Sample 

name 
PA 

Amount and 

addition of  PA
+
  

Final 

concentration of 

PA* 

Testing adsorbate
#
 

B 1M HCl 10 µL before 5×10
-3

 M Fullerene C60 

C 1 M HCl 10 µL after 5×10
-3

 M Fullerene C60, H2TPP 

D 0.1 M HCl 50 µL after 2.5×10
-3

 M Fullerene C60, H2TPP 

E 1 M NaCl 50 µL after 2.5×10
-2

 M Fullerene C60, H2TPP 

F 1 M H2SO4 50 µL after 2.5×10
-2

 M Fullerene C60 

 

* Final concentration of the pre-aggregating agent is the smallest amount which 

caused the formation of small fused Ag aggregates.  

+ 
i.e. before or after adding of dichloromethane solution of testing adsorbate. 

#
 Testing adsorbate for which the preparation procedure was tested. 

3.4 Preparation of hybrid systems for SERS of SLG 

3.4.1 Glass/SLG/Ag aggregate hybrid system preparation 

As the first, the free AgNPs aggregates were prepared. Into the vial 2 mL of HA-

AgNPs hydrosol was added and modified by 10 µL of 1M HCl. The closed vial was 

intensively shaken using a side to side laboratory shaker with interval of mixing 

750 rpm. This type of preparation provides small 2D/3D fused aggregates which float 

on the aqueous phase surface. Aggregates from the aqueous phase were transferred onto 

a glass slide by a cut pipette tip. Then, SLG was transferred onto the Ag aggregates in 

two ways. The Ag aggregates were imprinted onto SLG deposited on a glass slide (a) or 

SLG was transferred onto the Ag aggregates surface (b) as shown in Figure 16.  
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Figure 16: Schematic depiction of glass/SLG/Ag aggregate hybrid system preparation 

 

SLG samples were prepared and deposited onto the glass slide or onto the 

microscopic cover glass slide/AgNPs aggregate hybrid system at the Heyrovsky 

Institute of Physical Chemistry, ASCR, by members of the Dr. Kalbáč´s group. 

3.4.2 Glass/SLG/AgNPs-ET film hybrid system preparation  

AgNPs-ET interfacial film was prepared by the procedure described in ref. X [21]. 

Briefly, into the vial, 2 mL of BH2-AgNPs hydrosol and 2 mL of 1×10
-3

 M 

dichloromethane solution of ethanethiol was added. The closed weighting bottle was 

intensively manually shaken till the formation of the metallic blue interfacial AgNPs-ET 

film. AgNPs-ET film was transferred by a pipette tip onto a glass slide with a small 

amount of residual aqueous phase. Then the AgNPs-ET film was imprinted onto a 

microscopic cover glass slide covered by SLG and let to dry.  

Schematic depiction and photographical evidence of the sample preparation is shown 

in Figures 17 and 18. 

 

 

Figure 17: Schematic depiction of glass/SLG/AgNPs-ET film hybrid system 

preparation. 
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Figure 18: Photographical evidence of formation of AgNPs-ET film and its deposition 

onto a glass slide.  

3.4.3 Glass/AgNPs/SLG hybrid system preparation 

As the precursor, AgNPs-ET film was used and the preparation procedure of AgNPs-

ET film was described in Chapter 3.4.2. The SLG was transferred onto the AgNPs-ET 

film by the NC procedure. The as-grown graphene [74] was transferred to the glass 

substrate using cellulose nitrate (NC) [75]. The majority of the NC layer was removed 

by methanol drops at room temperature. Then the glass/AgNPs-ET/SLG sample was 

annealed at 160
o
 C for 30 min. in order to remove the NC residuals from the SLG 

surface. SERS spectral testing (Chapter 4.2.2.2.) has shown that ET was removed from 

AgNPs surface during this process, hence the final system is denoted as 

glass/AgNPs/SLG. SLG preparation and transfer was done at the Heyrovsky Institute of 

Physical Chemistry, ASCR, by members of the Dr. Kalbáč´s group. Schematic 

depiction of sample preparation is shown in Figure 19.  

 

Figure 19: Schematic depiction of glass/AgNPs/SLG hybrid system preparation 
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3.5 Preparation of hybrid systems for combined GERS and SERS of 

selected aromatic molecules and of the appropriate reference 

systems 

3.5.1 Graphite/H2Pc hybrid system preparation (reference system for 

GERS) 

The graphite electrode (GE) was overlayed by saturated (<5×10
-5

 M) solution of 

H2Pc in toluene (which was filtered by the 1 µm filter prior to use). Subsequently, GE 

was kept in the toluene – saturated atmosphere in a sealed weighting bottle for 24 h to 

accomplish adsorption of H2Pc onto the surface. The sample was then extracted from 

the weighting bottle to the new, clean weighing bottle. The second step aimed at the 

removal of excess H2Pc molecules was performed by soaking the as-prepared GE/H2Pc 

sample in a pure toluene and by keeping it in the same setup as described above for 

10 min. The GE was then removed, new pure toluene was added onto the weighting 

bottle and GE was sunk again. This process was repeated 10 times. Schematic of sample 

preparation is shown in Figure 20. 

 

 

Figure 20: Schematic depiction of the GE/H2Pc (reference) sample preparation. 

3.5.2 Preparation of glass/SLG/H2Pc(ML) hybrid system as reference 

system for SERS + GERS 

Preparation of the glass/SLG/H2Pc hybrid system was prepared by the procedure 

described in the ref [90] and modified by the using a different type of the glass slide for 

the sample preparation. The purpose was to mimic doping of SLG by Ag by doping of 

SLG by the special microsopy glass substrate as described in Chaper 4.3.1.  

Briefly, onto the large weighting bottle, the smaller was placed (upside down) and 

the large weighting bottle was filled by the pure toluene to the half of the hight of the 

smaller one. To the bottom of the small weighting bottle, glass/SLG sample was placed 
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and the glass/SLG sample was covered by the solution of the H2Pc toluene. The 

weighting bottle was closed and sealed with parafilm, and left standing for 24 hours. 

Then the residues of H2Pc in toluene solution were dried by the filter paper. By the 

same procedure as described above, the glass/SLG/H2Pc sample was covered by the 

pure toluene for 10 minutes, to wash out the residues of the H2Pc. This process was 

repeated 10×. By this procedure, the glass/SLG/H2Pc(ML) (ML = monolayer) sample 

was prepared. The preparation procedure is demonstrated in Figure 21.  

 

Figure 21: Schematic depiction of the glass/SLG/H2Pc(ML) sample preparation.  

3.5.3 Glass/AgNPs/SLG/H2Pc hybrid system preparation  

Preparation of glass/AgNPs/SLG/H2Pc hybrid system consists from 3 steps. First, 

AgNPs-ET film was prepared by the procedure described in Chapter 3.4.2. according to 

ref. [21]. Secondly, AgNPs-ET film was overdeposited by the SLG [74] using the 

nitrocellulose method [75] described in Chapter 3.4.3. During this procedure, ET was 

removed from AgNPs surface (Chapter 4.2.2.2.).  

In the third step, H2Pc monolayer was deposited onto the SLG surface by the 

procedure described in Chapter 4.5.1. 

Schematic depiction of the sample is shown in Figure 22. 

 

 

Figure 22: Schematic depiction of the glass/AgNPs-ET/SLG/H2Pc hybrid system 
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3.6 Instrumentation 

3.6.1 Raman spectral measurements 

SERS and SERRS spectra were recorded on a DXR Raman microscope (Thermo 

Scientific) interfaced to an Olympus microscope. For SERS measurements, an objective 

with the 50x magnification was used. The 445 nm (diode laser), 532 nm (diode-pumped 

solid state laser), 633 (He-Ne laser) and 780 nm (diode laser) excitation lines were used. 

The maximal laser power ranged from 8 to 24 mW. Full range gratings were used for all 

measurements. 

Combined SERS + GERS spectra of 3 – component hybrid samples as well as GERS 

and Raman spectra of reference samples were recorded on WITec alpha300 Raman 

micro-spectrometer. An objective (Zeiss) with 100× magnification was used for all the 

above mentioned Raman spectral measurements performed at 532, 633, 647, 785 and 

830 nm excitations. For measurements on WITec alpha300, two spectrographs equipped 

with charge-coupled device (CCD) detectors optimized for the blue-green and for the 

red-NIR (near infrared) spectral ranges have been used, the first one for collection of 

spectra at 532 nm excitation and the second one for the other four excitation 

wavelengths, i.e. 633, 647, 785 and 830 nm. Excitation was provided by the following 

lasers at the respective wavelengths and laser power values (at the sample): SHG 

Nd:YVO4 , 532 nm (2.3 mW); He-Ne, 633 nm (2.5 mW); Kr
+
 ion, 647 nm (5.0 mW), 

diode, 785 nm (50.0 mW), diode, 830 nm (11.0 mW). Raman spectral mapping was 

performed by using the 25 μm x 25 μm area scans with 50 x 50 points. 

3.6.2 UV/Vis spectral measurement 

UV/Vis spectra were recorded on a Specord s600 (Analytik Jena) or on a Schimadzu 

UV-2401 PC UV/Vis (Schimadzu corporation) recording spectrometer.  

3.6.3 Transmission electron microscopy 

TEM images were obtained with TECNAI G2 Spirit (FEI) transmission electron 

microscope with the acceleration voltage 120 keV.  

3.6.4 Scanning electron microscopy 

SEM images were obtained with Quanta 200 FEG (FEI) and MAIA 3 (TESCAN) 

scanning electron microscope. 
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4. Results and discussion 

4.1. Ag nanosponge aggregates as substrates and samples for SERS 

and SERRS of hydrophobic molecules 

4.1.1. Searching for the best type of preparation of 3D aggregate with 

incorporated hydrophobic adsorbate 

Six ways of preparation of 3D Ag nanosponge aggregates with incorporated 

hydrophobic adsorbate were developed and denoted as A – F. Preparation of type A 

aggregates has been described in Chapter 3.3.2, that of B – F aggregates in Chapter 

3.3.3. and Table 1. All types of the Ag aggregates were tested by SEM imaging, and by 

SERS spectral measurements.  

SEM microscopy revealed the morphology of Ag aggregate surface and the shape of 

the aggregate. As demonstrated in Figure 23: A.2 – F.2 the surface morphology of all 

aggregates is almost the same, only with small differences. The overall shape of the 

aggregates is always different as demonstrated in Figure 23: A.1 – F.1. The final shape 

and the size of the Ag aggregate is mostly affected by the amount and type of pre-

aggregating agent, which causes the formation of small fused aggregates.  

The shape and size of the aggregates affects the resulting SERS signal. In particular, 

the small aggregates provide less intensive SERS signal than the larger and thicker 

aggregates.  

By the SERS spectral testing, the aggregate with the best SERS signal to noise ratio 

was searched. As the testing molecule for establishing of the best preparation procedure, 

fullerene C60 was selected, and the aggregates with incorporated C60 prepared from a 

1×10
-4

M solution of C60 in dichloromethane solution by procedures A – F were probed. 

The resulting SERS spectra are shown in Figure 24.  

From all types of aggregates, SERS spectra of C60 were obtained. However, the Ag 

nanosponge aggregate – type A provides any SERS signal very sparsely at very few 

locations within the aggregate. For obtaining of any SERS signal, SERS spectral 

mapping of the whole aggregate volume was necessary. On the other hand, when the 

positive signal was obtained, relatively intense SERS spectrum of fullerene C60 was 

obtained – Figure 24. 
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Ag nanosponge aggregates – types C and E provide the positive SERS signal through 

the whole volume, but the signal was very weak and noisy. Due to these facts, these 

three types of aggregates were excluded from further testing.  

Type B, D and F aggregates provide relatively intense SERS signal of fullerene C60 

through the whole volume of the aggregate. For the determination of the “best” 

preparation procedure, limits of SERS spectral detection (SERS LODs) of C60 were 

determined at λexc = 532 nm. The lowest limit of SERS spectral detection was obtained 

from the aggregate – type D and it was determined as 1×10
-7

 M. 

 

 

 

Continue on next page 
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Figure 23: SEM images of 6 types of Ag nanosponge aggregates. As a testing 

adsorbate, 1×10
-4

 M dichloromethane solution of fullerene C60 was used. Images A – 

F.1 shows the whole aggregates. Images A – F.2 shows the nanosponge morphology of 

its surface.  
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Figure 24: SERS spectra of fullerene C60 incorporated into different types of 

3D Ag nanosponge aggregates (A – F) at λexc= 532 nm. Dichloromethane solution of 

1×10
-4

 M fullerene C60 was used for the samples preparation. All spectra were baseline 

corrected. The Ag-Cl spectral band at 241 cm
-1

is denoted by an asterisk. 

 

* 
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In conclusion, the preparation procedure – type D was established as the best type of 

preparation of the Ag nanosponge aggregate with incorporated C60 molecules. In this 

procedure (described in detail in Chapter 3.3.3, 0.1 M HCl was added as a pre-

aggregation agent into the two phase system, i.e. after mixing of the Ag NP hydrosol 

with the 1×10
-4

M solution of C60 in dichloromethane (Table 1 in Chapter 3.3.3). This 

preparation procedure leads to the formation of Ag aggregates with the 

1.5×1×0.025 mm average size, and this aggregate provides the best SERS signal to 

noise ratio of the incorporated hydrophobic C60 molecules.  

4.1.2. 3D Ag nanosponge aggregate with incorporated fullerene C60 into the 

internal structure 

4.1.2.1. Morphological studies of 3D Ag nanosponge aggregate and its 2D 

fused AgNPs aggregate precursors 

First, morphological study of the 3D Ag nanosponge aggregate and of its 2D fused 

Ag NP aggregate precursor with incorporated fullerene C60 into the internal structure 

was done by the SEM and TEM imaging. Figure 25 – A shows the TEM image of fused 

2D aggregates from which the resulting 3D aggregate is formed. TEM images of the 2D 

fused aggregates were used for the calculation of the average value of the fractal 

dimension, which was determined as D = 1.89 ± 0.05. The fractal character of these 

aggregates indicates that after optical excitation, “hot spots” will be generated in them 

[13,14]. 

The resulting shape and morphology of 3D Ag aggregate is demonstrated in Figure 

25 (B – D). Figure 25 – B shows the overall shape of the Ag aggregate, Figure 25 – C 

and D shows the internal nanosponge morphology of the Ag aggregate at various 

magnifications. The internal morphology of the nanosponge aggregates was studied and 

characterized by the measurement of the pore size distribution (Figure 26). The pore 

size distribution is very broad. However, two main types of sizes can be distinguished, 

namely the smaller pores with the sizes of approximately 60 nm and the larger pores 

with the sizes of approximately 250 nm.  
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Figure 25: (A) TEM image of 2D fused Ag aggregates and (B) – (D) SEM images of 3D 

AgNPs aggregate with incorporated fullerene C60 into the internal structure prepared 

from the 2-phase system in different magnifications. 

 

 

Figure 26: Histogram of pore size distribution of the 3D Ag nanosponge aggregate with 

incorporated fullerene C60 into the internal structure.  
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4.1.2.2. Spectral testing of fullerene C60 incorporated into and overlayed 

over the Ag aggregate 

First, electronic absorption spectra were measured. Figure 27 demonstrates the 

electronic absorption spectrum of a 1×10
-4

 M dichloromethane solution of fullerene C60 

with projection of excitation wavelength used for SERS measurements. The absorption 

maximum is located at 340 nm, in the 450 – 650 nm range the spectrum shows broad 

increase of absorption.  

 

 

Figure 27: UV/VIS spectrum of 1×10
-4

 M solution of fullerene C60 in CH2Cl2. Excitation 

wavelength used for SERS and SERRS spectral testing are shown. 

 

 

Figure 28: SPE spectra of (A) empty AgNPs aggregate (B) AgNPs aggregate with 

incorporated C60 into the internal structure. Excitation wavelengths used for SERS and 

SERRS spectral testing are shown.  
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Figure 28 demonstrates the SPE spectrum of (A) empty Ag nanosponge aggregate 

and (B) Ag nanosponge aggregate with incorporated C60 into the internal structure. SPE 

spectrum of the empty Ag nanosponge aggregate shows a small increase of extinction in 

the 400 – 800 nm range. SPE spectrum of the Ag nanosponge aggregate with 

incorporated fullerene C60 shows the small increase of extinction in the 400 – 600 nm 

range, while the value of extinction in the 600 – 800 nm range very slightly decreases 

with the increasing wavelength.  

SERS and SERRS spectra of fullerene C60 were measured at four excitation 

wavelengths (445, 532, 633 and 780 nm) in two hybrid systems: (i) fullerene C60 was 

incorporated into the internal structure of the Ag aggregate and (ii) surface of the tempy 

Ag aggregate was overlayed by the dichloromethane solution of the fullerene C60. From 

both systems, SERS and/or SERRS spectra were measured as a function of decreasing 

C60 concentration in the parent dichloromethane solution and the limits of SERS and 

SERRS spectral detection (LODs) were determined. 

Figure 29 demonstrates SERS spectra of the fullerene C60 incorporated into the Ag 

aggregate internal structure at 445, 532, 633 and 780 nm excitations at the limits of their 

spectral detection. The characteristic bands at 496, 709, 738, 772, 1248, 1426, 1468 and 

1575 cm
-1

 were used for determination of SERS and SERRS LODs. According to ref. 

[56,91] these bands belong to modes of Ag and Hg symmetry in the Ih symmetry point 

group. Spectra of fullerene C60 measured from the Ag aggregate which was overlayed 

by the dichloromethane solution of fullerene C60 show the same characteristic spectral 

bands (Figure 30). 
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Figure 29: SERS spectra of fullerene C60 incorporated into the Ag aggregate internal 

structure in limits of SERS spectral detection (LOD) at four excitation wavelengths. (A) 

λexc = 445 nm, LOD = 1×10
-6

 M (B) λexc = 532 nm, LOD = 1×10
-7

 M (C) λexc = 633 nm, 

LOD = 1×10
-5

 M (D) λexc = 780 nm, LOD = 1×10
-6

 M. All spectra were baseline 

corrected.  
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Figure 30: SERS spectra of fullerene C60 overlayed over the Ag aggregate in limits of 

SERS spectral detection (LOD) at four excitation wavelengths. (A) λexc = 445 nm, LOD 

= 1×10
-5

 M (B) λexc = 532 nm, LOD = 1×10
-6

 M (C) λexc = 633 nm, LOD = 1×10
-4

 M 

(D) λexc = 780 nm, LOD = 1×10
-5

 M. All spectra were baseline corrected.  
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Limits of SERS and SERRS spectral detection of fullerene C60 in case of 

incorporation into the internal structure of the aggregates are by one order of magnitude 

lower than in case of overlaying of the aggregate by the solution of fullerene C60, as 

shown in Table 2.  

 

Table 2: Comparison of SERS and SERRS LODs for fullerene C60  

λexc 445 nm 532 nm 633 nm 780 nm 

C60 incorporated into the internal 

structure of Ag aggregate 
1×10

-6
 M 1×10

-7
 M 1×10

-5
 M 1×10

-6
 M 

C60 overlayed over the Ag aggregate 1×10
-5

 M 1×10
-6

 M 1×10
-4

 M 1×10
-5

 M 

 

Both samples provide SERS spectra of fullerene C60 in the native form, but the limits 

of detection are by one order of magnitude lower for the fullerene incorporated into the 

aggregate than for the soaked one. 

The resultst demonstrates that incorporation of C60 into 2D fused fractal and, 

subsequently into 3D nanosponge aggregate is superior to C60 deposition by soaking of 

the C60 solution into the pores of the aggregates. The superiority results from efficient 

incorporation of C60 molecules into “hot spots” in the fused fractal 2D aggregates from 

which the 3D Ag aggregate are assembled.  

4.1.3. SERS spectral testing of H2TPP incorporated into and overlayed over 

the Ag nanosponge aggregate 

4.1.3.1. Morphological study 

5. Analogously to the case of fullerene C60, the 3D Ag nanosponge aggregate with 

incorporated H2TPP into the internal structure SEM images and TEM images of 

parent 2D fused fractal aggregates with incorporated H2TPP were obtained as 

demonstrate Figure 31. From TEM images, fractal dimension of 2D fused AgNPs 

aggregates was determined as 1.95 ± 0.07, again the fractal character of these 

aggregates indicates that after optical excitation, “hot spots” will be generated in 

them [13,14]. The resulting shape and morphology of the 3D Ag aggregate 

demonstrates Figure 31 (B – D). Figure 31 – B shows the overall shape of the Ag 

aggregate, Figure 31 – C and D shows the internal nanosponge morphology of the 
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Ag aggregate at various magnifications. Also, the pore size distribution of was done 

and 3 main types of pores can be distinguished as shows the histogram in Figure 

32: the small pores with the size approximately 50 nm, the middle pores with the 

size approximately 170 nm and the large pores with the size approximately 360 nm. 

 

 

Figure 31: (A) TEM image of 2D fused Ag aggregates and (B) – (D) SEM images of 3D 

AgNPs aggregate with incorporated H2TPP into the internal structure in different 

magnifications. 
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Figure 32: Histogram of pore size distribution of the 3D Ag nanosponge aggregate with 

incorporated H2TPP into the internal structure.  

 

4.1.3.2. Spectral testing of H2TPP incorporated into and overlayed over the 

Ag nanosponge aggregate 

First, the UV/Vis spectral measurements were done for the better understanding and 

characterization of the systems. Figure 33 shows the UV/Vis spectrum of 1×10
-5

 M 

dichloromethane solution of H2TPP and Figure 34 shows SPE spectrum of 3D Ag 

nanosponge aggregate with incorporated H2TPP into its internal structure. 

 

 

Figure 33: UV/Vis spectrum of 1×10
-5

 M dichloromethane solution of H2TPP. 
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Figure 34: SPE spectrum of 3D Ag nanosponge aggregate with incorporated H2TPP 

into the internal structure with the projection of wavelengths used for SERS 

measurements.  

 

SPE spectrum of Ag nanosponge aggregate with incorporated H2TPP into the 

internal structure shows an increase of the extinction in the 350 – 650 nm range, while 

the value of extinction in the 650 – 800 nm range only slightly decreases with the 

increasing wavelength.  

Subsequently, SERS and SERRS spectral testing and determination of SERS and/or 

SERRS LODs of H2TPP were done. Figure 35 shows SERS and SERRS spectra of 

H2TPP incorporated into the Ag nanosponge aggregate internal structure from the 

1×10
-5

 M parent solution of H2TPP in dichloromethane. The spectra were measured at 

445, 532, 633 and 780 nm excitations. 
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Figure 35: SERS spectra of H2TPP (cM = 1×10
-5

 M) incorporated into the Ag 

aggregate at (A)λexc = 445 mn, (B) λexc = 532 mn, (C) λexc = 633 mn and (D) λexc = 780 

mn. All spectra were baseline corrected.  
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Figure 36 demonstrates the SE(R)RS spectra of H2TPP incorporated into the internal 

structure of Ag aggregate at the limits of detection in the 200 – 1800 cm
-1

 range. The 

limits of SERS spectral detection of H2TPP solution overlayed over the empty Ag 

aggregate were also determined and the SERS spectra at the limits of SERS spectral 

detection are shown in Figure 37. SERS spectra at λexc = 633 nm from the aggregate 

soaked in the H2TPP solution could not be measured due to strong fluorescence.  

The limits of SERS spectral detection of both systems were determined and their 

values are listed in Table 3.  

 

Table 3: Comparison of SERS and SERRS LODs of H2TPP in two types of aggregates  

λexc 445 nm 532 nm 633 nm 780 nm 

H2TPP incorporated into  

the internal structure of Ag aggregate 

and partially converted into H4TPP
2+

 

1×10
-9

 M 1×10
-7

 M 1×10
-6

 M 1×10
-7

 M 

H2TPP solution  overlayed over the Ag 

aggregate 
1×10

-6
 M 1×10

-4
 M × 1×10

-4
 M 
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Figure 36: SE(R)RS spectra of H2TPP incorporated into the Ag aggregate at the limits 

of SERS spectral detection at (A) λexc = 445 mn, (B) λexc = 532 mn, (C) λexc = 633 mn 

and (D) λexc = 780 mn. All spectra were baseline corrected.  
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Figure 37: SERS spectra of H2TPP overlayed over the Ag aggregate at the limits of 

their SERS spectra detection at (A) λexc = 445 nm (B) λexc = 532 nm and (C) λexc = 780 

nm. All spectra were baseline corrected.  

 

In the SERS and SERRS spectra of system, where the H2TPP was incorporated into 

the Ag nanosponges (denoted as System I in Table 4), only two characteristic H2TPP 

spectral marker bands were found at 1364 and 1522 cm
-1

 while all the additional 

markers bands have been tentatively attributed to the diprotonated form of H2TPP i.e. to 

H4TPP
2+

 on the basis of the previously published RR spectra of H4TPP
2+

 in solid state 
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sample and in solution [61,62] (details in Table 4). In particular, the most important 

marker bands of H4TPP
2+

 appear to be the 340, 562, 625, 984, 1371 and 1540 cm
-1

 

bands, and 5 of these 6 marker bands were identified in the SERRS spectra of System I 

(Table 4). Nevertheless, an unequivocal confirmation that these marker bands are, 

indeed, also the SERRS spectral markers of H4TPP
2+

 remained to be established, and 

this has been done in Chapter (4.1.3.4.) by using the photochemically generated and 

UV/Vis tested H4TPP
2+

 as the adsorbate for SERRS at 445 nm excitation. 

In contrast to System I, in the system, where the dried Ag nanosponge aggregate was 

soaked in the dichloromethane solution of H2TPP (system II in Table 4), predominantly 

the spectral marker bands of H2TPP were found in the SERS and SERRS spectra (9 of 

11 bands, Table 4). The most important bands characteristic for H2TPP are the 339, 635, 

966, 1002, 1361 and 1550 cm
-1

 bands (all of them observed in the SERRS spectrum). In 

addition to the bands specific for the free base and the diacid (diprotonated) form of the 

porphyrin, there are also the bands common to both spectral form, the most typical of 

them being the 1175, 1230 and 1596 cm
-1

 bands. It should be noted that SERRS spectra 

of H2TPP have been reported, however, they were obtained at 514.5 nm excitation 

[45,63]. Nevertheless, they were found to match the RR spectra measured at these 

excitations and they were attributed to the unperturbed H2TPP. 

Detection of different porphyrin species as in System I and II has hampered the 

mutual comparison of the limits of SERS spectral detection of the porphyrin in both 

samples. In general, the limits of SERS spectral detection of H2TPP incorporated into 

the Ag aggregate internal structure (and detected as predominantly the H4TPP
2+

 species) 

are by 3 orders of magnitude lower than those of H2TPP from the Ag nanosponge 

aggregate overlayed by its solution at all four excitations.  
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*
RR spectra of H2TPP and H4TPP

2+
 were excited at 441.6, 476.5 and 488.0 nm in ref. 61 and 

488.0 in ref. 62 

* * 
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4.1.3.3. The role of the HCl in the H4TPP2+ formation during incorporation of 

H2TPP into Ag nanosponge aggregate 

Observation of the spectral bands tentatively attributed to H4TPP
2+

 in the SERS and 

SERRS spectra of Ag nanosponge aggregate into which H2TPP molecules have been 

incorporated during its preparation (Table 4, System I and RR of H4TPP
2+

 from ref. 62) 

indicates that the diprotonation of H2TPP to H4TPP
2+

 is most probably caused by 

presence of the HCl employed as the pre-aggregation agent in the 2D fused fractal 

aggregates preparation. For verification of this hypothesis, Ag nanosponge aggregate 

with incorporated H2TPP molecules was prepared in the absence of HCl, i.e. by using 

NaCl as pre-aggregating agent, as is described in Chapter 3.3.3., as the E – type 

preparation). The SERRS spectral testing of this aggregate at λexc = 445 nm excitation 

was done (Figru 38 and Table 4, System III), and only H2TPP marker bands and no 

markers of H4TPP
2+

 were found. This result thus confirms the abovementioned 

hypothesis and indicates the chemical origin of the diprotonation reaction. Nevertheless, 

further experiments targeted on obtaining SERRS spectra of H4TPP
2+

 generated by an 

alternative procedure, e.g. photochemically, and on probing of the role of the presence 

of Ag NPs during the diprotonation reaction were done to get a better insight into the 

mechanism of H4TPP
2+

 formation during the Ag nanosponge aggregate preparation.  
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Figure 38: Ag nanosponge aggregate with incorporated H2TPP into the internal 

structure, prepared by using NaCl instead of HCl as the pre-aggregating agent.  

λexc = 445 nm.  
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4.1.3.4. Photochemical generation of H4TPP2+ and its SERS spectral 

measurements 

The photochemical generation of the diacid form of the porphyrin from its parent 

free-base form the in dichloromethane solution has been performed and followed by the 

time-dependent UV/Vis spectral measurements. Characteristic UV/Vis spectra of 

H2TPP and H4TPP
2+

 are shown in Figure 39.  

 

 

Figure 39: UV/VIS spectra of 1×10
-5

 M dichloromethane solution of (A) H2TPP and (B) 

H4TPP
2+

.In the inset, enlarged spectral bands in the 500 – 750 nm range are shown. 

Spectra were normalized. 

 

Conversion of H2TPP to H4TPP
2+

 is a relatively fast process, it means that a full 

conversion of H2TPP to H4TPP
2+

 takes several minutes (typically 10 – 15min.). Figure 

40 demonstrates conversion of H2TPP to H4TPP
2+

 in dichloromethane solution followed 

by time-evolution of UV/Vis spectra. The conversion is accompanied by the decrease of 

the Soret band of the free base form at 416 nm, and by the increase of the Soret band of 

the diacid form at 445 nm. The changes are obvious also in the Q bands region, the most 

obvious is the increase of the 664 nm Q band of the diacid form. 
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Figure 40: Time evolution of conversion of H2TPP to H4TPP
2+

form. 

 

Conversion of H2TPP to H4TPP
2+

 is also accompanied by a change of solutions 

colour from the violet (Figure 41 – A) to the green one (Figure 41 – B). The structure of 

H4TPP
2+

 is depicted in Figure 41 – C.  

 

 

Figure 41: 1×10
-5

 M dichloromethane solution of (A) H2TPP, (B) H4TPP
2+

 and (C) 

structure of the H4TPP
2+

.  

 

A B C 
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Conversion of H2TPP to H4TPP
2+

 has been observed during the UV/Vis 

measurements. For the sake of comparison, the efficiency of an external UV light 

source in performing this conversion was tested. 50 mL of 1×10
-5

 M dichloromethane 

solution of H2TPP in the quartz beaker was placed on the top of an UV lamp (180 – 340 

nm range) for 30 minutes. After 15 minutes, the solution changed the colour from violet 

to the green. For accomplishment of a complete conversion, the solution was exposed to 

the UV light for another 15 minutes. After this time, the UV/Vis spectrum was 

measured and it is shown in Figure. 42. The spectrum after 30 minutes illumination by 

the UV light is virtually identical with the spectrum of H4TPP
2+

 in Figure. 39 – B. 

 

Figure 42: Absorption spectrum of the 1×10
-5

 M dichloromethane solution of H2TPP 

(H4TPP
2+

 respectively) after 5 and 30 minutes of irradiation by UV light.  

 

In addition to the UV/Vis spectral testing, the pH changes were studied. The average 

pH value of the pure dichloromethane solution of H2TPP was 4.5. However, after the 30 

minutes of irradiation by the UV light, the average pH value of the solution decreased to 

the 2.7. The change of the pH indicates that HCl has been formed as product of a 

photoinduced radical reaction of CH2Cl2, as proposed in ref [64]. 

Finally, a possibility to employ daylight (i.e. the solar radiation source) for 

photogenerated conversion of H2TPP to H4TPP
2+

 was probed. During a sunny day, 

50 mL of 1×10
-4

 M and 1×10
-5

 M dichloromethane solution of H2TPP in a quartz flask 

was placed on a window sill. After 15 minutes, the colour of the solution started to 

change from violet to green-violet and after another 15 minutes, the 1×10
-5

 M solution 
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completely changed its colour to green. The complete colour change of the 1×10
-4

M 

solution lasted for another 20 minutes. This experiment did not work during the cloudy 

days, which indicates that intense sunlight is required for this conversion, the time of 

which was found to be also porphyrin concentration-dependent. The photoinduced 

conversion of H2TPP to H4TPP
2+

 represent a new example of reaction which converts 

the solar energy into the chemical bond energy. 

In this work, all these experiments were targeted primarily on production of solutions 

of H4TPP
2+

 in dichloromethane which could be employed for obtaining SERS and 

SERRS spectra of H4TPP
2+

 which have not be reported previously. In this experiment, 

the empty and completely dried Ag nanosponge aggregate was overlayed by the 

1×10
-5

 M dichloromethane solution of photochemically generated H4TPP
2+ 

 and the 

SERRS spectra were measured at λexc = 445 nm excitation. The majority of spectral 

bands in this SERRS spectrum (Figure 43 and Table 4, System IV) is consistent with 

the RR spectra of H4TPP
2+

 reported in ref. 62 and listed in Table 4, however, a weak 

960 cm
-1

 marker band attributed to H2TPP [62] was also observed, together with two 

other weak markers of this form. Upon a detailed inspection of the UV/Vis spectra of 

the photogenerated H4TPP
2+

, one can see a residual band at ca 420 nm, in addition to 

the main band at 445 nm. There is thus a possibility, that photoconversion of H2TPP to 

H4TPP
2+

 is not complete, which, in turn, could explain observation of the three weak 

residual band of H2TPP in the SERRS spectra of the System IV (Figure 43 and Table 4). 

Importantly, in the case of System IV, generation of H4TPP
2+

 was evidenced by the 

exact match between the UV/Vis spectra presented in this Thesis in Figures 39 and 42 

and the previously published UV/Vis spectra of H4TPP
2+

 after its photochemical 

generation in a chloroform solution [64,92]. Therefore, there is thus an independent 

evidence of the presence of H4TPP
2+

 in System IV, and its SERRS spectral marker 

bands Table 4, System IV can be reliably compared with those in the previously 

published RR spectra [61,62] (Table 4, second column). For 14 RR spectral marker 

bands of H4TPP
2+

, a match with the SERRS spectral bands of H4TPP
2+ 

has been found, 

with an average difference of ~1.5 cm
-1

. There are thus virtually no meaningful 

differences between the band wavenumbers in the RR and in the SERRS spectra of 

H4TPP
2+ 

which indicates that SERRS spectra of the native, unperturbed H4TPP
2+

 

species have been obtained. Furthermore, these results confirm the validity of the 

selection of the most important marker bands of H4TPP
2+ 

on the basis of its RR spectra 

(namely the 340, 562, 625, 984, 1371 and 1540 cm
-1

 bands), and, consequently, also the 
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presence of H4TPP
2+

 as the dominant spectral form in SERRS spectra obtained from the 

Ag nanosponge aggregate into which H2TPP was incorporated during its preparation 

(Table 4, System I) 

 

 

Figure 43: SERRS spectrum Ag nanosponge aggregate overlayed by the 1×10
-5

 M 

solution of the photochemically generated H4TPP
2+

in dichloromethane. λexc = 445 nm.  

 

4.1.3.5. The role of the adsorption sites: Probing of the presence of Ag(0) and 

Ag(+) adsorption sites available upon incorporation of the testing 

adsorbate into Ag nanosponge aggregate and upon its soaking into 

the pores of a dried empty Ag nanosponge aggregate by using 2,2´-

bipyridine as the spectral probe 

The unequivocal SERRS spectral evidence of H4TPP
2+

 presence in Ag nanosponge 

aggregate into which H2TPP molecules were incorporated during its preparation, in 

contrast to the absence of this form and detection of parent H2TPP in the dried empty 

Ag nanosponge aggregate overlayed by a solution of H2TPP in dichloromethane 
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motivated probing of the presence of Ag (0) and/or Ag
+

 adsorption sites in each of the 

two systems (Systems I and II, respectively, in Table 4).  

As the established SERS spectral probe of Ag (0) and/or Ag
+
 adsorption sites, 

2,2´- bipyridine (bpy) was used [94]. Depending on the presence of Ag adsorption sites, 

bpy can be detected in two forms Ag(+)-bpy or Ag(0)-bpy which indicates the presence 

of Ag
+
 or Ag

0
 adsorption sites, respectively. Both surface species originate from the 

bidentate coordination of bpy in cis conformation to each of the two types of Ag 

adsorption sites, and their SERS spectra differ markedly in the bands position and also 

in relative intensities. Ag(+)-bpy typical markers bands are located at 763, 1008, 1058, 

1302, 1482, 1567 and 1588 cm
-1

. On the other hand, Ag(0)-bpy typical markers bands 

are located at 659, 765, 1022, 1169, 1318, 1486, 1558 and 1601 cm
-1

.  

For the determination of the adsorption sites, Ag nanosponge aggregates with 

incorporated bpy and with bpy soaked from its dichloromethane solution were prepared 

by the same procedures as described for H2TPP in Chapters 3.3.1. and 3.3.3. The 

resulting spectra are shown in Figure 44, A and B. In the case of the Ag nanosponge 

aggregate soaked in the CH2Cl2 solution of bpy, marker bands of Ag(+)-bpy surface 

species have been found, indicating the presence of Ag
+
 adsorption sites. On the other 

hand, in the Ag nanosponge aggregate with incorporated bpy, the spectral markers of 

Ag(0)-bpy sites have been detected, and they indicate the presence of Ag(0) adsorption 

sites.  

 

 

Figure 44: SERS spectra of (A) Ag nanosponge aggregate overlayed by 

dichloromethane solution of bpy and (B) Ag nanosponge aggregate with incorporated 

bpy into the internal structure.  
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4.1.3.6. The role of the presence of Ag NPs in H4TPP2+ generation 

To clarify the role of the presence of Ag NPs in the H4TPP
2+

 formation in the two 

phase system constituted by HCl – modified Ag NPs hydrosol and a solution of H2TPP 

in dichloromethane, several control experiments without Ag NPs were done.  

First, pure dichloromethane was shaken against the 2.5×10
-3

 M aqueous solution of 

HCl (the same concentration which has been used in the Ag nanosponge aggregate 

preparation in Chapter 3.3.3, but here in the absence of Ag NPs). After 2 minutes, the 

dichloromethane was separated from the aqueous phase and used for preparation of the 

H2TPP solution. The resulting 1×10
-5

 M solution of H2TPP was violet coloured and its 

UV/Vis spectrum confirmed presence of the free-base form of the porphyrin. Very 

similar test was done with 1×10
-5

 M dichloromethane solution of H2TPP. This solution 

was manually shaken against the 2.5×10
-3

 M aqueous solution of HCl and then, again, 

the UV/Vis spectrum of 1×10
-5

 M dichloromethane solution was measured. The 

solution was again violet coloured and the UV/Vis spectrum shows the presence of 

H2TPP only. These experiments have demonstrated that the concentration of HCl used 

for the Ag nanosponge aggregates preparation is not high enough for the conversion of 

H2TPP to H4TPP
2+

 in the two phase system in the absence of Ag NPs. 

Consequently, a higher concentration of HCl was used in the attempt to generate 

H4TPP
2+

 in the two phase system in the absence of Ag NPs. The two experiments 

described above were repeated using 1M HCl. In that case, H4TPP
2+

 was generated, as 

confirmed by the UV/Vis spectra and the observed colour change of the 

dichloromethane phase from the violet to the green. For the conversion of the H2TPP to 

H4TPP
2+

 in the two phase system without Ag NPs, markedly higher (by 2 or 3 orders of 

magnitude) concentration of the HCl is required than that needed for the same 

conversion in the presence of Ag NPs.  

Furthermore, important implications follow from the successful realization of the 

latter experiment. First, the diprotonated porphyrin H4TPP
2+

 remains in the 

dichloromethane phase, as witnessed by its green color, while the aqueous phase 

remains colorless. Therefore, the diprotonation of the porphyrin has to take place at (or 

in the close vicinity) the water – dichloromethane interface by the interface proton 

transfer, presumably by the following reaction: 

2H3O
+
 (aq.) + H2TPP (org.) → 2H2O (aq.) + H4TPP

2+
 (org.) 

This tentative explanation is in accord with characterization of the water – 

dichloromethane interface molecular structure in ref. 93.  
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4.1.3.7. Chemical generation of H4TPP2+ in wet empty Ag nanosponge 

aggregate: Ag nanosponge aggregate as a prospective nanoreactor 

Another attempt to generate chemically H4TPP
2+

, i.e. the diacid (diprotonated) form 

of the porphyrin from the parent solution of H2TPP in dichloromethane was done using 

a wet Ag nanosponge aggregate. After preparation and transfer onto a glass slide, the 

empty Ag nanosponge aggregate contains residues of the acidified (i.e. HCl containing) 

aqueous phase in its pores (Chapter 3.3.1). In the previous testing (System II, Chapter 

4.1.3.2.), a completely the dried Ag nanosponge aggregate was employed as substrate. 

In contrast to that, the as transferred, wet empty Ag nanosponge aggregate (with the 

residues of acidic aqueous phase) has been tested as a substrate for SERRS and a 

potential nanoreactor. The wet Ag aggregate was overlayed by dichloromethane 

solution of H2TPP (violet coloured), and after evaporation of the CH2Cl2, used as a 

sample for SERRS spectral testing (denoted System V) at λexc = 445 nm excitation. The 

resulting SERRS spectrum is shown in Figure 45. 

 

 

Figure 45: SERS spectrum of H2TPP/H4TPP
2+

 respectively, measured from Ag 

nanosponge aggregate nanoreactor. 



 

73 

 

The spectrum of System V in Figure 45 is strongly dominated by spectral bands 

consistent with the spectral marker bands of H4TPP
2+

 obtained from the RR spectra 

reported in ref. 62, as well as with the SERRS spectral marker bands of this form 

obtained from System IV (Table 4). In particular, all 6 important SERRS spectral 

markers of H4TPP
2+

, namely the 340, 561, 625, 983, 1370 and 1540 cm
-1

 bands, are 

present in the spectrum (Figure 45). Several tests with wet aggregates were done and the 

resulting SERRS spectra from the wet aggregates always contained the diacid form, i.e. 

H4TPP
2+

 marker bands, while the SERRS spectra measured from the completely dried 

Ag nanosponge aggregates overlayed by the dichloromethane solution of H2TPP 

contained only the free-base form, i.e. the H2TPP spectral markers. (Chapter 4.1.3.3.) 

Furthermore, with the increasing time period of the wet aggregate drying in air, the 

H4TPP
2+

 spectral markers decrease in the relative intensity with respect to those of 

H2TPP. These results indicate that H2TPP is converted to the H4TPP
2+

 in a two phase 

system formed in the pores of the aggregate, i.e. at the interface between the HCl – 

containing aqueous phase already present in the pores of the wet aggregate and H2TPP – 

containing dichloromethane phase delivered into the wet aggregate by its 

overdeposition by the dichloromethane solution of H2TPP. In addition to that, the 

concentration of HCl in the system, from which the empty Ag nanosponge aggregate 

was prepared, has been 5×10
-3

 M, i.e. 200× lower than that required for the H2TPP to 

the H4TPP
2+

 conversion in the two phase system constituted by the 1M aqueous solution 

of HCl and the solution of H2TPP in dichloromethane. One of the possible explanation 

of this difference could be formation of a relatively large interface area resulting as a 

sum of numerous interfaces formed inside the irregular pores of the Ag nanosponge. In 

a broader scope, the presented results outline the possibilities to employ Ag nanosponge 

aggregate as a nanoreactor. 

4.1.4. Ag nanosponge aggregate with incorporated hydrophobic molecules 

as a new samples for SERS ans SERRS: advantages and drawbacks  

Ag nanosponge aggregate with incorporated fullerene C60 molecules prepared by the 

bottom-up 3D assembling of 2D fused fractal aggregates of Ag NPs with incorporated 

C60 molecules was demonstrated to be a highly advantageous new sample for SERS and 

SE(R)RS spectral detection of unperturbed (native) C60 molecules. In particular, SERS 

and SE(R)RS spectra of C60 obtained from this sample at four excitation wavelengths: 

445, 532, 633 and 780 nm are in full agreement with the previously published RR 
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spectra of this molecule [55,56], and, in contrast to the previously reported SERS 

spectral studies [57,58], no downward shift of the principal totally symmetric (Ag) 

pentagonal pinch mode at 1470 cm
-1

 has been observed in SERS and or SE(R)RS 

obtained from this new sample. Furthermore, the concentration values of SERS and 

SE(R)RS spectral limits of detection (LODs) of C60 obtained from these samples (using 

the C60 solutions of various concentrations for the sample preparation) are, at all 

excitations, by one order of magnitude lower than those obtained from the reference 

sample, which was prepared by overlaying of a well dried, empty Ag nanosponge 

aggregate by dichloromethane solutions of C60 of various concentrations (Table 2). The 

latter (reference) procedure of SERS and SE(R)RS sample preparation mimics the 

previously reported procedures of preparation of samples for SERS and SERRS of 

various hydrophilic and amphiphilic molecules by using Ag nanosponges as substrates 

[46–48]. The one order of magnitude lower SERS and SE(R)RS LODs in the former 

system in comparison to the latter one are attributed to an efficient incorporation of C60 

molecules into 2D fused fractal aggregates formed at the interface between the Ag NPs 

hydrosol modified by addition of HCl and the dichloromethane solution of H2TPP, and, 

consequently, into hot spots generated in the fractal Ag NPs aggregates by the laser 

excitation during the SERS and SE(R)RS spectral measurements. SERS spectral 

probing of the Ag nanosponge aggregate with incorporated 2,2-bipyridine as the 

spectral probe for neutral and cationic adsorption sites on Ag NPs surfaces revealed, 

that neutral Ag(0) adsorption sites are available on the surfaces of fusing Ag NPs. 

Availability of the neutral Ag(0) adsorption sites for adsorption of C60 molecules can 

contribute to the efficient incorporation of C60 into 2D fused fractal aggregates, from 

which the 3D Ag nanosponges have been assembled.  

Furthermore, the lowest C60 LOD=1×10
-7

 M was obtained for Ag nanosponge 

aggregate with incorporated C60 at 532 nm excitation which coincides simultaneously 

with the maximum of a rather weak electronic absorption band of C60 (Figure 27) and 

with the region of slightly increased extinction on a rather flat SPE of the nanosponge 

aggregate (Figure 28). Therefore, the lowest LOD of C60 at this excitation (as compared 

to those obtained at the other three excitations), and consequently, the relatively largest 

enhancement of Raman scattering, has its origin in the largest contributions of both the 

electromagnetic and the molecular resonance mechanisms to the overall enhancement of 

Raman signal of C60. Therefore, the spectra of C60 measured at 532 nm excitation are 

denoted as SE(R)RS spectra. 
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SERS and SERRS spectra testing of Ag nanosponge aggregate prepared by the 3D 

assembling of fused fractal 2D aggregates formed at the interface between  

HCl – modified Ag NPs hydrosol and the dichloromethane solution of a hydrophobic 

free base porphyrin H2TPP (denoted as System I) revealed the presence of the 

diprotonated form of this porphyrin, i.e. H4TPP
2+

 as the major spectral component, and 

of the parent H2TPP as the minor spectral component (Figure 36 and Table 4). The 

presence of the SERRS spectral marker bands of H4TPP
2+

 in the SERRS spectrum of 

System I was confirmed by SERRS spectral measurements of photochemically 

generated H4TPP
2+

 in dichloromethane overlayed over a well dried, empty Ag 

nanosponge aggregate (System IV, Table 4). In contrast to System I, only spectral 

marker bands of the parent H2TPP molecule were detected by SERS and SERRS 

spectral testing of System II prepared by overlaying of a well dried empty Ag 

nanosponge aggregate by dichloromethane solutions of H2TPP of various 

concentrations. The SERS and SERRS spectral testing of both System I and System II 

was performed at four excitation wavelengths, namely 445, 532, 633 and 780 nm, and 

limits of the SERS and/or SERRS spectral detection of the porphyrin species were 

determined (Table 3). A direct comparison of LODs of the porphyrin species in 

System I and System II is hampered by the fact that different porphyrin species, namely 

H4TPP
2+

 as the major spectral component in System I and H2TPP as the only spectral 

component in System II, are detected in each of the two systems. Nevertheless, it is 

worth mentioning that the LOD of H4TPP
2+

 in System I is by three orders of magnitude 

lower than that of H2TPP in System II at all four excitation wavelengths. The lowest 

SERRS LOD=1×10
-9

 M (Table 3) was established for H4TPP
2+

 in System I at 445 nm 

excitation, which coincides with the maximum of the Soret electronic absorption band 

of this diprotonated porphyrin species (Figure 39). This SERRS LOD is nearly by 2 

orders of magnitude lower that that reported for H2TPP adsorbed from solution on 

Ag NPs attached to silanized glass slides (8×10
-8

 M) and determined at 514.5 nm 

excitation coincident with the maximum of the Qy(1,0) electronic absorption band in 

ref 63. However, from the analytical point of view, the SERRS LOD established from 

System I has a certain disadvantage in detecting a chemically altered porphyrin species. 

The SERRS and SERS LODs of the parent H2TPP in System II are at least one order of 

magnitude higher than that established in ref.63, hence, from the analytical point of 

view, the system reported in ref.63 is more advantageous for detection of H2TPP than 

the System II reported in this Thesis. 
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On the other hand, a challenging question about the mechanism of H4TPP
2+

 

generation upon incorporation of parent H2TPP into the internal structure of Ag 

nanosponge aggregate emerged from the abovementioned results, and several 

experiments targeted on its answering were done. First, it was shown that upon 

replacing of HCl in the preparation procedure of Ag nanosponge aggregate by NaCl, i.e. 

substituting the preparation procedure D by the procedure E (both of them described in 

Chapter 3.3.3 and listed in Table 1), the SERRS spectral testing of the resulting Ag 

nanosponge aggregate (System III, Table 4) has revealed the presence of only the parent 

H2TPP porphyrin. This experiment thus points towards HCl as the source of H
+
 ions in 

the process of the porphyrin diprotonation. Therefore, H4TPP
2+

 species incorporated 

into the Ag nanosponge aggregate has to be generated chemically by H
+
 ions (protons) 

originating from H3O
+
 ions produced by dissociation of HCl added as a pre-aggregation 

agent to Ag NPs hydrosol (aqueous phase) in the presence of the second, water 

immiscible organic phase, namely the solution of H2TPP in dichloromethane. 

Furthermore, diprotonation of H2TPP into H4TPP
2+

 has been accomplished in the two 

phase system also in the absence of Ag NPs, however, at concentrations of HCl by ca 2-

3 orders of magnitude higher than that used for the preparation of 2D fused Ag NP 

aggregates (as precursors of the 3D Ag nanosponge aggregate), i.e. in the presence of 

Ag NPs. This result indicates, that the presence of Ag NPs, and probably also 

adsorption of the parent H2TPP onto Ag(0) adsorption sites available on their surfaces 

upon formation of fused 2D aggregates at the interface (as revealed by the bpy spectral 

probe) has a catalytic effect on the process of diprotonation of the hydrophobic 

porphyrin. 

Another example of chemical generation of H4TPP
2+

 emerged from the SERRS 

spectral testing of System V (Table 4) prepared by overlaying a wet empty Ag 

nanosponge aggregate by a solution of H2TPP in dichloromethane. In this case, H2TPP 

has been converted to the H4TPP
2+

 in a two phase system formed in the pores of the 

aggregate, i.e. at the interface between the HCl – containing, residual aqueous phase 

already present in the pores of the wet aggregate and the H2TPP – containing 

dichloromethane phase delivered into the wet aggregate by its overlaying by the 

dichloromethane solution of H2TPP. Furthermore, the concentration of HCl in the 

residual aqueous phase was also markedly lower than that required for H4TPP
2+

 

generation in the two phase system in the absence of Ag NPs. Both the catalytic effect 

of Ag nanostructured surface and formation of a relatively large interface area resulting 
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as a sum of numerous interfaces formed inside the irregular pores of the Ag nanosponge 

could be responsible for this difference. The results of this experiment open the 

possibilities to employ Ag nanosponge aggregate as a nanoreactor.  

4.2. 2D and 3D AgNPs assemblies as substrates for SERS of SLG 

4.2.3. 3D AgNPs aggregates as a samples for SERS of SLG 

AgNPs aggregates prepared from 2D fused interfacial aggregates were used as 

substrates for SERS of SLG. For the measurements, two types of samples were prepared 

and tested – the first (Figure 46A), glass/SLG/AgNPs aggregate and the second (Figure 

46B), glass/AgNPs aggregate/SLG.  The schematic depictions of the sample and 

measurement setup demonstrate Figure 46.  

 

 

Figure 46: Schematic depiction of (A) glass/SLG/AgNPs aggregate and (B) 

glass/AgNPs aggregate/SLG hybrid system.  

 

SERS spectral measurements were complicated by the thickness of AgNPs aggregate 

and its rough surface. The contact between SLG and AgNPs surface was limited, which 

caused that the intensity of the SLG signal was different at different spots on the 

sample. The glass/SLG/AgNPs aggregate hybrid system was measured in inverted 

geometry, while the glass/AgNPs aggregate/SLG hybrid system was measured in the 

straight geometry, as demonstrated in Figure 47. The different sample geometries were 

chosen to minimize the loses of the SERS signal of SLG by its absorption by thick Ag 

NP aggregates. Therefore, the samples were always measured in such a way that SLG 

was on the top of the AgNPs aggregate surface. 
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Figure 47: Schematic depiction of sample measurement geometries.  

 

During the hybrid systems preparations, several problems were found. (i) For the 

obtaining of the pure SLG sample, the thermal treatment (180 °C) after the SLG transfer 

is necessary. Therefore, when the AgNPs aggregate is already present on the surface, 

the thermal treatment damages the AgNPs aggregate surface by its oxidation. In this 

respect, the glass/SLG/AgNPs hybrid system seems to be better, because SLG is 

transferred onto the glass slide before the aggregate deposition. (ii) On the other hand, 

SLG is very sensitive sample and it is easy to to perturb it by contact with water. AgNPs 

aggregates have to be transferred from the aqueous phase, and this step complicated the 

sample preparation due to  a possible SLG damage. In this respect, the glass/AgNPs 

aggregate/SLG hybrid system seems to be better for the preparation, because the AgNPs 

aggregate is transferred onto the glass slide before the SLG.   

Thermal treatment after the transfer by nitrocellulose was found as the crucial step 

for the obtaining of the pure SLG sample. SLG has been previously transferred to the 

substrate by several polymers (mostly PMMA). The washing out by many solvent was 

several times tested, but a pure SLG sample without polymer residues has not been 

obtained. Since SERS is such a sensitive method, these small impurities complicated the 

sample measurement, because the SLG signal was masked by the SERS spectrum of the 

polymer carrier.  

The hybrid systems described above were characterized by UV/Vis (SPE) spectral 

measurements and then by SERS spectral mapping. During the SERS spectral sampling, 

the homogeneity of the G mode wavenumbers of SLG was checked and also the 

homogeneous/heterogeneous distribution of SERS spectral intensities of 2D and D 

bands of SLG within the linear sampling across the Ag NP aggregate was tested.  

Typically, small part of AgNPs aggregate which covered the SLG or SLG covered 

the AgNPs aggregate was used for SERS spectral sampling (Figure 48) and across this 

area, the linear sampling was done.  
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Figure 48: Example of glass/SLG/AgNPs aggregate hybrid system (A) and glass/AgNPs 

aggregate/SLG  hybrid system(B) with the projection of the map line. Numbers over the 

line correspond to the spectra in Figure 49 and Figure 50. 

 

 

 

Figure 49: The SERS spectra of glass/SLG/AgNPs aggregate hybrid system at 

excitation wavelengths used for measurement. Spectral number markers correspond to 

the numbers of positions in Figure 48. 
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The SERS spectra of the glass/SLG/Ag NPs aggregate measured in the inverted 

sample geometry are shown in Figure 49 and those of glass/AgNPs aggregate/SLG 

hybrid system measured in the straight geometry shows Figure 50. 

During the linear sampling, several spectra were measured also from the glass/SLG 

part of the sample, and these spectra were used as the reference for calculation of the 

SERS enhancement factors of the SLG.  

 

 

Figure 50: SERS spectra of glass /AgNPs aggregate/SLG hybrid system at excitation 

wavelengths used for measurement. Spectral number markers correspond to the 

numbers in Figure 48, which belong to the points at the sampling line. 

 

SLG is very sensitive to doping or strain. The most sensitive bands to the strain and 

the doping those of the G mode and the 2D mode. The D mode apperance corresponds 

to the occurrence of defects.  The positions of these bands are listed in Tables 5 – 7 .  
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Table 5: Position of the G mode in SERS spectra of SLG obtained from the hybrid 

systems 

λexc / nm Glass/AgNPs aggregate/SLG Glass/ SLG/AgNPs aggregate/ 

445 1590 1583 

532 1590 1582 

633 1590 1581 

780 1590 1583 

 

Table 6: Position of the 2D mode in SERS spectra of SLG obtained from the hybrid 

systems 

λexc/nm Glass/AgNPs aggregate/SLG Glass/ SLG/AgNPs aggregate/ 

445 2607 2595 

532 2652 2641 

633 2689 2671 

780 2726 2715 

 

Table 7: Position of the D mode in SERS spectra of SLG obtained from the hybrid 

systems 

λexc/nm Glass/AgNPs aggregate/SLG Glass/ SLG/AgNPs aggregate/ 

445 1305 1306 

532 1327 1326 

633 1349 1349 

780 1366 1367 

 

The position of the G and 2D modes in the glass/SLG/AgNPs aggregate hybrid 

system is different from the glass/AgNPs aggregate/SLG hybrid systems as is shown in 

listed tables above 

The position of the G/2D mode in the glass/AgNPs aggregate/SLG hybrid system on 

average decreases by 7/13 cm
-1

, respectively, against the position of the 

glass/SLG/AgNPs aggregate hybrid system. This wavenumber decreasing of G and 2D 

mode bands is attributed to the biaxial strain in SLG over the AgNPs aggregate sample, 
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particularly in the contact areas between SLG and the AgNPs aggregate [94]. For the D 

mode, no wavenumber shift was observed.  

For both hybrid system, enhancement factors of the 2D mode were calculated and 

they are listed in Table 8. Furthermore, the SPE spectra of both hybrid systems were 

measured and they are presented in Figure 51. To the SPE spectra, the dependence of 

the Ef of the 2D mode on the excitation wavelength has been related 

 

Table 8: Enhancement factors of the 2D mode at both geometries 

 

 

 

Figure 51: SPE spectra of (A) glass/SLG/AgNPs aggregate hybrid system and (B) 

glass/AgNPs aggregate/SLG hybrid system with the projection of enhancement factors 

(Ef) and projection of excitation wavelength used for measurement. 

 

The differences in the Efs obtained for the two hybrid systems are obvious. The 

glass/SLG/AgNPs aggregate hybrid system measured in inverted geometry provides the 

largest Ef at 780 nm excitation (1×10
2
). On the other hand glass/AgNPs aggregate/SLG 

hybrid system provides the largest Ef at 532 nm excitation (3×10
2
). The difference is 

attributed to the different sample preparation, in conjunction with the fractal 

λexc/nm 
Glass/SLG/AgNPs aggregate 

Ef of the 2D mode 

Glass/AgNPs aggregate/SLG 

Ef of the 2D mode 

445 10 171 

532 23 288 

633 49 182 

780 97 162 
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morphology (D=1.84) of the fused AgNPs aggregates and the 2D monolayer structure 

of SLG as the “adsorbate”. Localization/delocalization of modes in fractal aggregates 

depends on the excitation wavelength. Localization length increases with the increasing 

excitation wavelength [13]. Larger contact areas between SLG and AgNPs aggregate 

provide the largest SERS enhancement which originates from the more delocalized 

fractal modes excited at 780 nm. On the other hand, smaller contact areas between SLG 

and AgNPs aggregate provide the largest SERS enhancement originating from the more 

localized fractal modes excited at 532 nm.  

4.2.4. AgNPs-ET film as a substrate for SERS of SLG 

4.2.2.1 Surface plasmon extinction, SERS spectra and morphology of 

glass/SLG/AgNPs-ET hybrid system: The effect of the ET spacer presence  

The glass/SLG/AgNPs-ET hybrid system as the sample for SERS microRaman 

spectral measurement is schematically depicted in Figure 52. AgNPs-ET film was 

deposited over SLG on glass by the procedure described in Chapter 3.4.2.  

 

Figure 52: Schematic depiction of glass/SLG/AgNPs-ET film hybrid system 

 

SERS spectra of the glass/SLG/AgNPs-ET hybrid system at four excitation 

wavelengths: 445, 532, 633 and 780 nm were measured and the resulting spectra are 

shown in Figure 53.  
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Figure 53: SERS microRaman spectra of glass/SLG/AgNPs-ET hybrid system measured 

at (A) 445 (B) 532 (C) 633 and (D) 780 nm excitations.   
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All spectra in Figure 53 contain the characteristic spectral bands of the Ag-ET 

surface species as well as those of the G and the 2D modes of SLG, as follows from 

their comparison with the spectra of the glass/SLG (Figure 54) and the glass/AgNPs-ET 

(Figure 55) reference systems.  

 

Figure 54: SERS spectra of SLG obtained from glass/SLG reference system at (A) 445 

nm (B) 532 nm (C) 633 nm (D) 780 nm excitations. 
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Figure 55: SERS spectra of Ag-ethanethiolate species obtained from the glass/AgNPs-

ET array reference system at (A) 445 nm (B) 532 nm (C) 633 nm (D) 780 nm 

excitations. 

 

The assignment of SERS spectral bands of Ag-ET surface species and of Raman 

spectral bands of free ET was done and is provided in Table 9.  
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Table 9: Assignment of Raman spectral bands of ethanethiol and SERS spectral bands 

of Ag-ET species in Ag NPs-ET array based on refs. 21 and 95 – 97. 

Average wavenumbers/cm
-1

 Wavenumber 

Range 

Type of vibration 

Ethanethiol AgNPs-ET array   

– 350 600 – 700 -AgS 

659 632 580 – 1000 C – S stretching 

– 964 850 – 1000 -CH3 rocking 

1090 1045 1000 – 1150 C – C stretching 

1272 1238 1200 – 1400 CH2 rocking 

– 1368 1330 – 1385 -CH3 symmetric 

deformation (bending) 

– 1426 1385 – 1445 CH2 scissoring 

deformation (bending) 

1448 1446 1400 – 1480 CH3 antisymmetric 

deformation (bending) 

2570 – 2520 – 2600 -SH 

2737 2716 – Overtone of 1368 cm
-1

 

– 2858 2840 – 2870 Symmetric -CH2 

stretching 

2870 – 2885 – 2865 Symmetric -CH3 

stretching 

2927 2913 2915 –2940 Antisymmetric -CH2 

stretching 

2960 2964 2950 – 2975 Antisymmetric -CH3 

stretching 

 

The largest differences observed between the spectra of ET and Ag-ET are the 

absence of the 2570 cm
-1

 band of υ (S-H) and the presence of the 350 cm
-1

 band of υ 

(Ag-S) in the spectrum measured from AgNPs-ET film, in contrast to the ET spectrum.  

The positions of the G and 2D mode spectral bands are most clearly distinguished in 

the SERS spectrum of the glass/SLG/AgNPs-ET hybrid system excited at 445 nm 

(Figure 53, spectrum A), in which their relative intensities with respect to those of the 
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Ag-ET bands are the largest. The comparison of the SERS spectra of SLG in the 

glass/SLG/Ag-ET hybrid system and of its Raman spectra in the glass/SLG reference 

system obtained at the 445 nm excitation (Figure 56) show that the wavenumbers of the 

G mode (1585 cm
-1

 and 1586 cm
-1

) as well as the 2D mode (2722 cm
-1

) are the same (or 

virtually the same within the experimental error) in both systems. 

 

 

Figure 56: Comparison of SERS spectra of (A) glass/SLG reference and (B) 

glass/SLG/AgNPs-ET hybrid system.  

 

The position of the G mode band at the 1585 cm
-1

 is close to the undoped SLG 

[18,19]. These results provide evidence of the presence of the unperturbed SLG in the 

glass/SLG/AgNPs-ET hybrid system. In contrast to that, a 5 cm
-1

 upshift of the G mode 

and a slight upshift of the 2D mode attributed to n-doping and compressive strain was 

reported for the SLG/Ag NPs hybrid system in which SLG is in the direct contact with 

Ag NPs [84].The Ag-ET species in the AgNPs-ET film works as a molecular spacer 
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which envelopes AgNPs, prevents the direct contact between SLG and AgNPs and 

preserves the native structure of SLG.  

For the glass/SLG/AgNPs-ET hybrid system, SERS enhancement factors of the G 

and the 2D modes were determined as the integral intensity ratios of the spectral bands 

of these modes in the SERS spectra of the hybrid system and in Raman spectra of the 

glass/SLG reference system. Their values are listed in the first two columns of Table 10.  

 

Table 10: SERS enhancement factors of the SLG modes in the glass/SLG/AgNPs-ET 

hybrid system and the average SERS enhancement factors of the modes of the Ag-ET 

surface species in (I) the  glass/SLG/AgNPs-ET hybrid system, and (II) the glass/Al 

foil/AgNPs-ET hybrid system 

λexc (nm) SLG – G SLG – 2D ET – 

addit (I) 

ET – final 

(I) 

ET – 

addit (II) 

ET – final 

(II) 

445 2 2 1 5×10
5
 4 2×10

6
 

532 9 4 4 2×10
7
 12 6×10

7
 

633 9 6 4 8×10
6
 15 8×10

8
 

780 2 2 1 1×10
6
 1 5×10

5
 

 

The largest SERS enhancement by a factor of 9 was determined for the G mode of 

SLG at 532 and 633 nm excitations. This result is, in general, consistent with the shape 

of the SPE curve of the hybrid system (Figure 57, curve B).  
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Figure 57: SPE spectra of (A) glass/AgNPs-ET reference system and (B) 

glass/SLG/AgNPs-ET hybrid system with the projection of wavelengths used for SERS 

measurements. 

 

Nevertheless, in addition to the SPE shape, contributions of other factors have to be 

considered to explain the SERS enhancement at a particular excitation wavelength, 

namely: (i) an increase of the contribution of the light scattering to the overall extinction 

(sum of absorption and scattering) of plasmonic nanoparticle with the increasing 

excitation wavelength [98], and (ii) the „second part of the electromagnetic (EM) SERS 

enhancement“ which implies that not only the incident, but also the Raman scattered 

radiation is enhanced by the EM mechanism of SERS [99], i.e. by the elastic Mie 

scattering [7,8]. For example, the 633 nm excitation (which provides the SERS spectra 

with the best enhancement factors for both the G and the 2D mode, Table 10) is nearly 

coincident with the SPE curve maximum. The wavelength of the SPE maximum 

represents the wavelength at which the sum of absorption and scattering of light by the 

hybrid system is the largest [7,8]. On the other hand, the wavelength of the photons 

scattered by the G mode (at 1585 cm
-1

) is 703 nm and that of the 2D mode (2049 cm
-1

) 
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photons is 761 nm, respectively, and the latter thus coincides with a lower extinction on 

the declining slope of the SPE band than the former (Figure 58).  

 

 

Figure 58: Surface plasmon extinction (SPE) spectrum of glass/SLG/AgNPs-ET hybrid 

system in relation to (i) the 633 nm excitation wavelength (unlabelled arrow), (ii) the 

wavelength of photons scattered by the G mode of SLG (1581 cm
-1

) at 633 excitation (
*
-

labelled arrow) and (iii) wavelength of photons scattered by the 2D mode of SLG (2049 

cm
-1

) at 633 excitation (
#
-labelled arrow). 

 

Consequently a slightly lower SERS enhancement factor (Ef) is expected and 

actually observed for the 2D mode (Ef = 6) than for the G mode (Ef = 9).  

Importantly, the G mode enhancement (Ef = 9) at 532 and 633 nm excitation in 

SERS of our hybrid system with unperturbed SLG and the hydrophobic Ag-ET spacer is 

actually slightly higher than that experienced by the same mode in SERS of the system 

with SLG underneath Ag NPs (Ef = 7) [84]. In the latter system, SLG is affected by 

compressive strain and n-doping, which, in turn, result from the direct contact between 

SLG and Ag NPs. This comparison indicates that the decrease of the SERS 

enhancement by the EM mechanism induced by a thin spacer [83] namely, in our case, 

by the hydrophobic Ag-ET spacer (terminated by the CH3 group) of about 0.6 nm 
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thickness has been compensated by (i) the 2D assembling of the closely spaced, ET 

modified Ag NPs (vide infra and Figure 58 B – D), i.e. by formation of a more efficient 

plasmonic enhancer than the assembly of mostly isolated Ag NPs [7,8] 
 
reported in ref. 

84, and, (ii) by the proper selection of excitation wavelength(s) with respect to the SPE 

of the AgNPs-ET assembly (Figure 57, curve B).  

 

 

Figure 59: Optical microscopy image of (A) glass/AgNPs-ET reference system obtained 

with the 20× magnification objective, (B) glass/SLG/AgNPs-ET hybrid system obtained 

with the 20× magnification objective, (C).glass/SLG/AgNPs-ET hybrid system obtained 

with the 50× magnification objective and TEM image of SLG/AgNPs-ET hybrid system 

deposited on carbon-coated Au grid (D) 
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In accord with the morphological characterization provided above, the SPE spectrum 

of the glass/AgNPs-ET reference system (Figure 57, curve A) shows a markedly higher 

extinction than that of the glass/SLG/AgNPs-ET hybrid system (Figure 57, curve B). 

The observed red-shift of SPE in the latter system with respect to the former one (Figure 

57) can thus originate from the efficient SLG-Ag NPs coupling [100], however, it can 

also be caused by the different morphologies of the Ag NPs assembly in each of these 

systems. 

Furthermore, the average values of SERS enhancement factors of the spectral bands 

of the Ag-ET surface species have been determined for both the glass/SLG/AgNPs-ET 

hybrid and the glass/AgNPs-ET reference system from their SERS spectra measured at 

445, 532, 633 and 780 nm excitation wavelengths (Table 10 and Table 11, respectively).  

 

Table 11: The average SERS enhancement factors of the modes of the Ag-ET surface 

species in glass/ AgNPs-ET reference system 

λexc/nm Ef 

445 5×10
5
 

532 5×10
6
 

633 2×10
6
 

780 1×10
6
 

 

Their mutual comparison has shown that at the 532 and 633 nm excitations, the 

Ag-ET SERS spectral bands experience an additional enhancement by an average factor 

of 4 due to the presence of SLG in the hybrid system. By contrast, no such enhancement 

has been encountered at the 445 and 780 nm excitations (Table 10). This additional 

enhancement of SERS of Ag-ET has been visualised by SERS microRaman sampling 

experiment at 633 nm excitation in which the spectral sampling trajectory was directed 

over an edge of the glass-deposited SLG overdeposited by the ET-modified AgNPs 

array (Figure 60). The first part of the trajectory sampled ca 1.5 μm
2
 areas on the 

glass/Ag NPs-ET part of the sample, while the second one sampled areas of the same 

size on the glass/SLG/AgNPs/ET part (Figure 60 – B). The increase of the Ag-ET 

spectral bands intensity observable after the sampling trajectory crossed the SLG edge 

and entered the SLG-covered part of the sample is clearly visible on the SERS spectra 

evolution presented in Figure 60 – A. 
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Figure 60: Manifestation of the additional enhancement of SERS of ET in the AgNPs-

ET array induced by the presence of SLG underneath the AgNPs-ET array. A. SERS 

microRaman sampling carried out at 633 nm excitation along the trajectory outlined in 

B., i.e. in the optical image of the sample: black line: the glass/AgNPs-ET part of the 

sample; red line: the glass/SLG/AgNPs-ET part of the sample.   

 

On the basis of the results obtained in this paper as well as those published 

previously, several possibilities have been considered to explain this additional 

enhancement and its excitation wavelength dependence. First, (i) the graphene-

enhanced Raman scattering (GERS) [23,25,26] and its coupling with the EM 

mechanism of SERS [85]
 
has been considered. However, it has been recently concluded 

[25,26] that the GERS enhancement is observed only for planar aromatic molecules 

which is the case of neither the ET molecule, nor the Ag-ET surface species. 

Futhermore, (ii) the difference in the morphology (Figure. 59 A and B) and SPE spectra 

between the glass/AgNPs-ET (Figure 57A and B) and the glass/SLG/AgNPs-ET 

systems, i.e. measurements from a multilayer versus a monolayed of ET-modified Ag 

NPs can be also ruled out. The reason is that the SERS signal is collected predominantly 

from the first Ag NP-ET layer, as confirmed also by the same SERS enhancements of 

the Ag-ET vibrational modes in both systems (i.e. regardless the actual Ag NP layer 

thickness) observed at the 445 nm as well at the 780 nm excitation. Furtheron, (iii) the 

vibrational mode selectivity of the additional enhancement has been checked by 

comparison of the enhancement factors of the individual Ag-ET vibrational modes, 

which are shown in Table 12.  
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Table12: Enhancement factors of ethanethiol bands in glass/SLG/Ag-NPs-ethanethihol 

film in comparison to glass/Ag-NPs-ethanethiol film 

λexc = 445 nm  λexc = 532 nm 

Position Intensity 

–

reference 

Intensity – 

with SLG 

Ef  Position Intensity 

–

reference 

Intensity – 

with SLG 

Ef 

         633 354 275 1  633 11046 40230 3 

965 80 42 1  965 1518 5490 4 

1047 34 34 1  1047 1813 7360 3 

1238 34 37 1  1238 1576 6160 3 

1426 4 4 1  1426 489 2110 4 

1448 7 14 2  1448 579 1930 4 

2859 187 199 1  2859 8173 27000 4 

2914 799 864 1  2914 17627 97720 4 

2957 251 257 1  2957 8991 30500 4 

λexc = 633 nm  λexc = 780 nm 

Position Intensity 

–

reference 

Intensity – 

with SLG 

Ef  Position Intensity 

–

reference 

Intensity – 

with SLG 

Ef 

         633 12525 54052 4  633 17238 19001 1 

965 1219 4936 4  965 1233 1374 1 

1047 2898 8630 4  1047 2728 3137 1 

1238 1021 3647 3  1238 788 864 1 

1426 462 1398 3  1426 948 964 1 

1448 695 2360 4  1448 1478 1524 1 

2859 2022 8817 3  2859 3958 4296 1 

2914 7050 29747 4  2914 7699 8661 1 

2957 1994 8528 4  2957 1975 2026 1 

 

The enhancement factors of all these modes range from 3.3 to 4.3 at 532 nm 

excitation and from 3.0 to 4.4 at 633 nm excitation, i.e. there is no strong preferential 

enhancement of a particular vibrational mode of the Ag-ET surface species.   

Finally, (iv) we consider the recently reported changes of the optical characteristics 

of SLG localized in the optical near field resonantly excited in 2-D Ag or Au NPs arrays 

[101–106]. It has been demonstrated that light absorption of SLG can be manipulated 

by integrating SLG with a thin layer of plasmonic nanostructures (such as the 2-D Ag or 

Au NPs arrays with or without a dielectric spacer between SLG and the plasmonic NPs 

array) upon the conditions of the resonance surface plasmon excitation
.
[101, 103–106]. 

In particular, the enhanced optical field thus created in the plasmonic NPs array can 
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effectively enhance the total absorption of SLG [101]. Considering the Fresnel 

equations for calculation of the reflectance R of a material from its „optical constants“, 

i.e. the real (n-real refraction index) and imaginary (k-index of absorption) part of its 

complex refraction index (N) [98], the increase of the index of absorption of the 

material leads to increase of its reflectance R. Therefore, we suggest that the increased 

absorption of SLG coupled to AgNPs results into the increase of its reflectance, and we 

speculate that it is actually the increased reflectance of SLG (located underneath the ET-

modified Ag NPs array) which leads to the increased SERS signal intensity of the Ag-

ET surface species. This speculation is consistent with the selective observation of this 

additional SERS enhancement at 532 and 633 nm excitations in relation to the shape of 

the SPE curve of the glass/SLG/AgNPs-ET hybrid which reaches maximal extinctions 

at the wavelengths corresponding to these excitations, but strongly drops both at 445 

and 780 nm wavelengths (Figure 57, curve B). For testing the feasibility of the 

assumption that at 532 and 633 nm excitations, SLG in the glass/SLG/AgNPs-ET 

hybrid system acts actually as a reflecting surface, we have carried out the following 

experiment: First, a new glass/Al foil/AgNPs-ET hybrid system, in which SLG was 

replaced by an Al foil known as a strongly reflecting mirror, was prepared. Its SERS 

microRaman spectra were measured at the same excitations as those of the 

glass/SLG/AgNPs-ET hybrid and of the glass/AgNPs-ET reference system, and the 

additional average SERS enhancement experienced by the vibrational modes of the Ag-

ET surface species in the hybrid system with Ag foil (with respect to the reference 

system without the Ag foil) has been determined, yielding a factor of 12 and 15 at 532 

and 633 nm excitations, respectively (Table 10). These experiments demonstrate the 

possibility to increase SERS signal of molecules and/or surface complexes incorporated 

in 2D arrays of Ag NPs and measured by the microRaman technique by localization of 

the array on the strongly reflecting surface, while the 3 – 4 times higher enhancement 

produced by the Al foil than by SLG in the near field of Ag NPs indicates, that SLG 

acts as only a weakly reflecting surface under these circumstances. 

4.2.2.2. SERS spectra, morphology and surface plasmon extinction of 

glass/AgNPs/SLG hybrid system 

As the second hybrid system for SERS of SLG, the glass/AgNPs/SLG hybrid system 

(hybrid system II) was designed. In contrast to the glass/SLG/AgNPs-ET film hybrid 
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system (hybrid system I), hybrid system II promises better contact of AgNPs with SLG 

and thereby larger efficiency of SLG signal enhancement.  

The second hybrid system was prepared by overdeposition of the parent 

glass/AgNPs-ET system by SLG by the procedure described in Chapter 3.4.3. SERS 

spectra in the straight (Figure 61 – A) and in the inverted (Figure. 61 – B) geometry of 

the sample were measured at 445, 532, 633 and 780 nm excitation wavelengths.  

 

 

 

Figure 61: Schematic depiction of glass/AgNPs/SLG hybrid system measured in (A) 

straight and (B) inverted geometry  

 

SERS spectra of the resulting system measured in the straight (i.e. as prepared) 

sample geometry (depicted in Figure 61 – A) and shown in Figure 62 contain none of 

the characteristic spectral bands of the Ag-ET species (assigned in 9 and observed in the 

SERS spectra of the glass/SLG/AgNPs-ET hybrid, Figure 55).  
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Figure 62: SERS microRaman spectra of glass/AgNPs/SLG hybrid system measured at 

(A) 445, (B) 532, (C) 633 and (D) 780 nm excitation in the straight sample geometry. 

All spectra were baseline corrected.  

 

This result indicates, that ET was completely removed from the surface of the 

AgNPs-ET film during the SLG transfer.  

The change of the hybrid system II SPE after the SLG transfer was observed by the 

naked eye as the colour change. The changes of morphology of the hybrid systems are 

captured by TEM images, as demonstrates Figure 63. In contrast with Figure 63 – A, 

which shows the parent AgNPs-ET film, Figure 63 – B depicts AgNPs film after the 

thermal heating caused by SLG transfer. The morphology changes correspond with 

annealing of Ag NPs (thermal and/or chemical after the ET removal from the Ag NP 



 

99 

 

surface). The quite broad particle size distribution in the AgNPs/SLG hybrid systems is 

quantified in Figure 63 – C. Monomers as well as dimers and trimers of Ag NPs can be 

distinguished in the TEM image of the AgNPs/SLG system in Figure 63 – B. The 

fraction of dimers and trimers has been established to ca 20% from of the circularity 

diagram in Figure 63 – D. 

 

 

Figure 63: (A) TEM image of the parent AgNPs/ET film deposited on a C-coated Au 

grid; (B). TEM image of AgNPs/SLG hybrid system deposited on a C-coated Au grid, 

(C) Particle size distribution in the AgNPs/SLG hybrid system.(D) Distribution of the 

particles circularity in the AgNPs/SLG hybrid system. 

 

Based on the previously published studies [107,108] we reason that both the broad 

particle size distribution and the presence of fused AgNPs dimers and trimers contribute 

to observation of the very broad and rather flat SPE curve of the Ag NPs/SLG system 

which spans the visible spectral region and extends itself into the near IR (Figure 64). 
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Figure 64: Surface plasmon extinction of the glass/AgNPs/SLG hybrid system. 

 

The SERS spectra of SLG measured in both geometries are shown in Figure 62 and 

Figure 65, respectively. Since both spectra originate from the same hybrid system, the 

wavenumbers of the G and 2D modes have been expected, and they are actually 

observed, to be virtually the same in both geometries at each of the four excitation 

wavelengths. In particular, the non-dispersive G mode is located at 1590 cm
-1

 in both 

sets of the spectra at all four excitation wavelengths. Its position is thus by 5 cm
-1

 higher 

than that of pristine SLG [18,19] and of SLG in the glass/SLG reference sample (Figure 

54 and Figure 56, spectrum A). At 445 nm excitation, the dispersive 2D mode is located 

at 2719 cm
-1

 in the spectrum measured in the straight sample geometry (Figure 62) and 

at 2717 cm
-1

 in the spectrum obtained in the inverted geometry (Figure 65). Its position 

is thus by 3 and 5 cm
-1

, respectively, lower than that of SLG in the glass/SLG reference 

system (Figure 56). The small upshift of the G mode wavenumber together with the 

small downshift of that of the 2D mode suggests a weak n-doping of SLG by Ag NPs, 

as reported previously [109]. 
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Figure 65: SERS microRaman spectra of glass/AgNPs/SLG hybrid system measured at 

(A) 445, (B) 532, (C) 633 and (D) 780 nm excitation in the inverted sample geometry. 

 

SERS enhancement factors of the G and 2D modes of SLG determined as the 

intensity ratios of these modes in the SERS spectra of the glass/Ag NPs/SLG hybrid to 

those in Raman spectra of the glass/SLG reference system (both measured in either the 

straight, or the inverted sample geometry) are listed in Table 13 and depicted in Figure 

66 (together with the error bars representing the standard deviations of band intensities 

resulting from evaluation of five spectral maps). 
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Table 13: SERS enhancement factors of the SLG modes in the glass/AgNPs/SLG hybrid 

system  

Ef 

 Inverted geometry Straight geometry 

λexc (nm) SLG – G SLG – 2D SLG – G SLG – 2D 

445 33 17 15 7 

532 14 9 11 7 

633 16 9 18 8 

780 19 10 8 5 

 

 

Figure 66: Comparison of SERS enhancement factors of the G mode (A), and of the 2D mode 

(B) of SLG in the glass/AgNPs/SLG hybrid system plotted as a function of excitation wavelength 

for two sample geometries: the straight one-black squares, the inverted one-red circles.  

 

The SERS Efs values (Figure 66 and Table 13) demonstrate that a significant SERS 

enhancement is experienced by the G and the 2D mode of SLG at all excitations (445 – 

780 nm) and in both sample geometries. This result is attributed to the morphology of 

the annealed Ag NPs array in the hybrid system, namely to the broad distribution of 

morphologies and sizes of Ag NPs constituting this array (Figure 63), which in turn, 

manifests itself by the broad SPE curve of the hybrid (Figure 64). Nevertheless, one has 

to keep in mind that both absorption and scattering contribute to the SPE of the Ag NPs 

array, while the SERS enhancement by the EM mechanism stems only from the 

scattering crossection. Therefore, the wavelength dependence of the scattering 
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crosssections of Ag NPs monomers and dimers [110] is even more appropriate for 

correlation with the excitation wavelength dependence of the SERS Efs of the SLG 

modes in the two sample geometries than the SPE curve itself. 

For both the G and the 2D mode of SLG, the differences between their SERS Efs in 

the two samples geometries (Figures 62A and 65A) show the same excitation 

wavelength dependence (Figure 64 and Table 13). In particular, no significant 

differences in the Efs are observed at 532 and 633 nm excitations, while at 445 and 780 

nm excitations, the enhancement factors are approx. 2 times larger in the inverted 

(Figure 65A) than in the straight (Figure 62A) sample geometry. The former 

observation is consistent with the presence of the same plasmonic enhancer in the 

hybrid system in the straight as well as inverted sample geometry (Figures 62A and 

65A), while the latter one indicates that some other, excitation wavelength dependent 

factor(s), affect the final SERS Efs determined in each of the two sample geometries. 

We propose that the most important factors are (i) absorption of both the incident and 

the scattered light by the Ag NPs, and (ii) increased absorption and reflectance of SLG 

in the optical near field resonantly excited in Ag NPs. Their mutual interplay at each 

excitation wavelength and in each sample geometry (in which SERS spectra of SLG 

from the particular hybrid system have been measured) can then positively and/or 

negatively affect the actual values of the experimetally determined SERS Efs of the 

SLG modes. 

In the particular case of our hybrid system constituted by SLG on the top of the Ag 

NPs array, the former effect (i) is expected to affect negatively the SERS spectral 

intensities preferentially in the inverted sample geometry (favoring thus the straight 

sample geometry), while the latter effect (ii) favors the inverted geometry (in which 

scattered light is partially reflected back into the sample) over the straigth one (in which 

a small fraction of the incident light is reflected from the sample surface). Since the 

magnitude of both effects is excitation wavelength dependent, it is understandable that 

the result of their interplay depends on the excitation wavelength as well.  

Nevertheless, the exact values of the absorption and scattering crosssections of our 

particular Ag NPs array at each excitation wavelength are not available, and other 

factors, such as the fraction of the SLG surface located in the near field of Ag NPs at 

each of the excitation wavelengths also play their role. Therefore, we can only 

qualitatively and tentatively address the experimentally observed, excitation wavelength 

dependent differences between the Efs experienced by the SLG in the straight  
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(Figure 62A), and in the inverted (Figure 65A) sample geometry (Figure 64 and Table 

13). Apparently, the two additional effects (i) and (ii) compensate each other at 532 and 

633 nm excitations. By contrast, at 445 and 780 nm excitation, the measurement in the 

inverted geometry is favored by the twofold increase of the SERS Efs of both the G and 

2D mode of SLG, hence the contribution of the effect (ii) is larger that that of the effect 

(i) at these wavelengths. We propose that  this observation can be related to the efficient 

localization of SLG in the near field of Ag NPs resonantly excited at these excitation 

wavelengths (resulting into the increased reflectivity of SLG), in combination with the 

particular morphology of the annealed Ag NPs array. In particular, at 445 nm, the 

optical fields are resonantly excited preferentially in single Ag NPs: the optical fields in 

the vicinity of the single NPs are relatively weak [107,108,110], but the NPs are fairly 

abundant (Figure 63B, C and D), hence a relatively large fraction of SLG area is 

localized in these optical fields. At 780 nm excitation, stronger optical fields are excited 

in large Ag NPs dimers and trimers, including the very strong optical fields (hot spots) 

localized between the NPs in these dimers and/or trimers [107,108,110].
 
However, the 

dimers and trimers are less abundant than the single NPs (Figure 63 B and D). 

Therefore, at the 780 nm excitation, a smaller contact area between SLG and the optical 

near fields excited in Ag NPs dimers and trimers appears to be compensated by the 

larger optical fields strengths. The additional enhancement by a factor of approx. 2 in 

the inverted sample geometry is thus observed at both the 445 and 780 nm excitations 

(Figure 64 and Table 13). 

Furthermore, standard deviations of the SERS Efs experienced by the G and the 2D 

mode of SLG in both sample geometries and at all excitations  have been determined for 

each of these 16 spectral measurements from five spectral maps, and they are depicted 

as error bars in Figure 10 A and B. Their values are fairly low for the 2D mode at all 

excitations and in both sample geometries (Figure 64 B). For the G mode, low values of 

the error bars have been obtained at 532 and 633 nm excitations in both sample 

geometries and at 780 nm excitation in the straight sample geometry, while relatively 

large error bars have been determined at 445 nm excitation in both sample geometries 

and at 780 nm excitation in the straight geometry (Figure 64 A). The large standard 

deviations at 445 nm excitation have their origin in fluctuations of the spectral 

background in the 1500 – 1650 cm
-1

 region encountered at this particular excitation. At 

780 nm excitation, the large signal fluctuations in the same spectral region have been 

observed only in the inverted sample geometry, i.e. for the measurement “through 
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glass“ as is shown in Figure 61B, and they are attributed to fluorescence from the glass 

slide [111]. In summation, these results indicate that the glass/AgNPs/SLG hybrid 

sample is fairly homogenous on the large scale of the SERS spectral mapping, since the 

large standard deviations are limited to 3 of 16 spectral mapping measurements, and 

they have been explained by extrinsic spectral effects unrelated to the sample 

morphology. 

4.2.5. 2D and 3D AgNPs assemblies as substrates for SERS of SLG: their 

advantages and drawbacks 

Overdeposition of SLG over the AgNPs aggregates (i.e. formation of glass/AgNPs 

aggregate/ SLG hybrid system) causes the biaxial strain in SLG (particularly in the 

contact areas between SLG and the Ag aggregate) which manifests itself by a 

downward shift (wavenumber decrease) of the G mode band (by 7 cm
-1

) and of 2D 

mode band (by 13 cm
-1

) in the SERS spectra of the sample at all 4 excitation 

wavelengths.  

The maximum SERS enhancement of 2D modes is larger for the glass/AgNPs 

aggregate/SLG hybrid system than for the glass/SLG/AgNPs aggregate hybrid system at 

all 4 excitation wavelengths. On the other hand, the homogeneity of the SERS signal 

intensity distribution is, for both D and 2D modes at all 4 excitation wavelengths, 

substantially higher for the glass/SLG/AgNPs aggregate hybrid system measured in 

inverted geometry.  

The inverted glass/SLG/AgNPs aggregate sample shows maximum SERS 

enhancement of 2D mode at 780 nm excitation (Ef = 1×10
2
), while the glass/AgNPs 

aggregate/SLG yields the maximum SERS enhancement of this mode at 532 nm 

excitation (Ef = 3×10
2
). The difference is attributed to the different sample preparation, 

in conjunction with the fractal morphology (D = 1.84) of the fused Ag NP aggregates 

and the 2D monolayer structure of SLG as the “adsorbate”.  

In particular, the contact areas between SLG and AgNPs aggregate are expected to 

be larger for the inverted AgNPs aggregate over SLG sample (hence the largest SERS 

enhancement originates from the more delocalized fractal modes excited at 780 nm) 

than for the SLG over AgNPs aggregate sample (for which the largest SERS 

enhancement originates from the more localized fractal modes excited at 532 nm).  

Inversion of the AgNPs aggregate over SLG hybrid system is necessary for obtaining 

Raman signal at all points during the linear sampling across the AgNPs aggregate.  The 
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original glass/SLG/AgNPs aggregate hybrid systems yields SERS signal only at certain 

locations at the AgNPs aggregate border. The inversion of the sample geometry 

eliminates loses of both incident and the scattered radiation caused by the AgNPs 

aggregate extinction.  

The inverted glass/SLG/AgNPs aggregate hybrid systems appear to be more 

advantageous and reliable for SLG SERS spectral probing than glass/SLG/AgNPs 

aggregate hybrid systems due to the absence of the effect of biaxial strain on G and 2D 

SLG modes and to the substantially more homogeneous distribution of SERS signal of 

all SLG modes. The optimal excitation wavelengths for SERS spectral probing of the 

former samples is 780 nm. The main disadvatages is heterogeneity of these samples. 

Although the 3D Ag aggregates are relatively flat, the direct contact of SLG and Ag 

aggregates surface is not homogeneous through whole sample. When the SLG sheet and 

Ag aggregate surface are in contact, SERS signal is relatively intensive. On the other 

hand, when the SLG sheet covers the “whole” in the Ag aggregate surface, SERS signal 

is less intense, or no signal of SLG is observed. These results have indicate that more 

flat AgNPs systems, specifically 2D assemblies AgNPs are expected to provide more 

suitable for SERS of SLG. 

 

4.3. Glass/AgNPs/SLG/H2Pc(ML) hybrid system as sample for SERS + 

GERS of H2Pc  

4.3.3. Characterization and spectral probing of glass/AgNPs/SLG/H2Pc(ML) 

hybrid system and of the reference system.  

Finally, system which connects GERS and SERS of the selected aromatic molecule, 

specifically the freebase phthalocyanine (H2Pc), was developed and tested. Resulting 

system is depicted on Figure 67 – A. TEM image of the annealed AgNPs employed as 

the plasmonic enhancer in the hybrid system is presented in Figure 67 – B. The TEM 

image in Figure 67 – B demonstrates the presence of monomers, dimers and also trimers 

of this particles.  
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Figure 67: (A) Schematic depiction of glass/AgNPs/SLG/H2Pc(ML) hybrid system used 

for microRaman measurements of SERS+GERS of H2P and (B) TEM image of the array 

of annealed AgNPs employed as the plasmonic enhancer in the glass/AgNPs/SLG/H2Pc 

hybrid system.  

 

The SPE spectra of glass/AgNPs/SLG system before and after the deposition of H2Pc 

are compared in Figure 68. Both curves reveal extension of SPE over the visible and 

near IR spectral region and deposition of H2Pc onto the AgNPs hybrid system cause 

minimal changes in SPE spectra. The similarity of both curves provides evidence that 

AgNPs substrate is not perturbed by the deposition of H2Pc monolayer and by soaking 

in toluene. 
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Figure 68: SPE spectra of glass/AgNPs/SLG hybrid system: (a) before and (b) after 

deposition of the H2Pc ML.  

 

The sample contains two types of areas: with and without Ag NPs, i.e. both  the 

hybrid sample itself and its reference system are found on one common substrate, i.e. 

the special glass slide. An optical image showing the glass/AgNPs/SLG/H2Pc(ML)-(i) 

and the glass/SLG/ H2Pc(ML)-(ii) parts of the same sample and the boundary between 

these two parts is presented in Figure 69A. The SERS+GERS (i) and the GERS (ii) 

parts of the spectral map of the 683 cm
-1

 mode of H2Pc measured at 785 nm excitation 

and spanning the same sample area as that in Figure 69A are shown in Figure 69B. The 

spectral map (Figure 69B) shows the markedly higher intensity of the Raman signal of 

the 683 cm
-1

 mode of H2Pc from the glass/AgNPs/SLG/H2Pc(ML)-(i) part of the sample 

than from the glass/SLG/H2Pc-(ii) part of the sample which, in turn, provides a 

qualitative evidence of observation of SERS+GERS of H2Pc in the former case, and of 

GERS of H2Pc in the latter one. 
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Figure 69: (A) Optical image of the hybrid sample employed for GERS and 

SERS+GERS spectral measurements (mapping) of H2Pc with the clearly distinguished 

boundary between the (i)-glass/AgNPs/SLG/H2Pc part of the sample used for 

SERS+GERS measurements; (ii)-glass/SLG/H2Pc part of the sample utilized for GERS 

measurements. (B) Spectral map of the 683 cm
-1

 band of H2Pc acquired at 785 nm 

excitation from the same area of the sample as the optical image (A). The spectral map 

(B) shows the markedly higher intensity of the Raman signal from the (i)-

glass/AgNPs/SLG/H2Pc part of the sample (SERS+GERS) than from the (ii) 

glass/SLG/H2Pc part of the sample (GERS). 

 

For the spectral mapping by which the average spectra were acquired at all five 

excitation wavelengths, the maps spanning entirely the glass/AgNPs/SLG/H2Pc(ML) 

area of the sample (fully covered by a single layer of Ag NPs) were used for the 

SERS+GERS measurements, and those spanning the glass/SLG/H2Pc(ML) area were 

employed for GERS. Figure 70 shows optical images of glass/AgNPs/SLG/H2Pc(ML) 

and different SERS spectral maps at 785 nm excitation. Specifically Figure 70 – A and 

B shows SERS spectral maps of G and 2D modes, Figure 70 – C and D shows SERS + 

GERS spectral maps of 683 cm
-1

 and 1540 cm
-1

 modes of H2Pc. 
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Figure 70: (A) An optical image of the glass/AgNPs/SLG/H2Pc(ML) area of the sample; 

(B) and (C) - SERS spectral maps of the G mode (1590 cm
-1

) and 2D (2595 cm
-1

) mode 

of SLG; (D) and (E) - SERS+GERS spectral maps of the 683 cm
-1

 and 1540 cm
-1

 modes 

of H2Pc. The spectral maps (B)-(D) were acquired from the same area as the optical 

image (A) at 785 nm excitation. 

 

SERS spectra of SLG and SERS+GERS spectra of H2Pc obtained from the glass/ 

AgNPs/SLG/H2Pc(ML) hybrid system at 532, 633, 647, 785 and 830 nm excitations are 

shown in Figure 71 – A (full range spectra) and 71 – B (details in the 400-1800 cm
-1

 

range). The average wavenumber of the G mode band in the spectra of the 

glass/AgNPs/SLG/H2Pc is 1590 cm
-1

. Its position is thus exactly the same as reported 

for the glass/AgNPs/SLG system in Chapter 4.2.2.2. This result indicates that deposition 

of a monolayer (ML) of H2Pc molecules onto the glass/AgNPs/SLG platform has not 

caused any additional doping of SLG by H2Pc molecules. The 1590 cm
-1

 position of the 

G-band is by 5 cm
-1

 higher than in the pristine SLG [18,19] and, in accord with ref. 109 

indicates a weak n-doping of SLG by Ag. 
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Figure 71: (A) Full range (400 – 3000 cm
-1

)and (B) detailed (400 – 1800 cm
-1

) SERS + 

GERS spectra of H2P measured from the glass/AgNPs/SLG/H2Pc hybrid system at (a) 

532, (b) 633, (c) 647, (d) 785 and (e) 830 nm excitations. The SERS spectral band of the 

G mode is marked by *, and the SERS spectral bands of the dispersive 2D mode are 

marked by #.   

 

Furthermore, the G-band in the Raman spectra of the glass/SLG/H2Pc(ML) reference 

system is located at 1592 cm
-1

, and its position is thus comparable (within the 

experimental error) with that in the glass/AgNPs/SLG/H2Pc(ML) system. This 

comparison indicates, that the magnitude of the weak n-doping of SLG by glass in the 

former system analogous to the weak n-doping of SLG by Ag in the latter system. 

Consequently, the positions of the Fermi level of SLG are nearly identical in both 
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systems, and they were estimated to be ca -4.4 eV (i.e. upshifted by ca 0.2 eV from the 

Fermi level of pristine SLG at -4.6 eV [23]) on the basis of the graph in Figure 85 in ref. 

18. Therefore, the fundamental conditions of operation of the mechanisms of GERS are 

virtually identical in the glass/AgNPs/SLG/H2Pc(ML) hybrid system employed for 

SERS+GERS spectral probing and in the glass/SLG/H2Pc(ML) system used as the 

reference system for GERS. 

Further on, we have noticed that the position of the G-band of SLG in our glass/SLG/ 

H2Pc(ML) reference system (1592 cm
-1

) is by 7 cm
-1

 lower than that reported for the 

glass/SLG/H2Pc(ML) system in ref. 90 (1599 cm
-1

). This comparison indicates, that the 

n- doping by glass (in particular, by surface groups and/or water entrapped between 

glass and SLG) is markedly weaker than that by the glass slides used in ref.
 
90. Such 

differences in n-doping by glass have been reported previously, and they have been 

attributed to a different content of Na in the particular sample of glass [112]. The 

comparison of the positions of the Fermi level of SLG (i) at -4.4 eV in the 

glass/SLG/H2Pc(ML) reference system, and (ii) at -4.3 eV in the GERS sample in ref.
 

90 (this system will be further referred to as the glassI/SLG/H2Pc(ML) demonstrates the 

importance of doping of SLG by the substrates. On the other hand, once this important 

factor is properly evaluated, it can be employed for adjusting the Fermi level position of 

SLG.  

In Table 13 are listed the average wavenumbers of the H2Pc bands in SERS+GERS 

spectra of theglass/AgNPs/SLG/H2Pc(ML) hybrid system and of the GERS spectra of 

the glass/SLG/H2Pc(ML) reference system, together with their assignment based on refs 

[68,70]. As is shown in Table 13, the wavenumbers of SERS+GERS and the GERS 

spectral bands are in a good agreement (within 3 cm
-1

). 
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Table 13: The average wavenumbers of the H2Pc bands in SERS+ GERS spectra of the 

glass/AgNPs/SLG/H2Pc(ML) hybrid system and in GERS spectra of  the glass/SLG/ 

H2Pc(ML) reference system complemented by their assignment based on refs
24,27,42 

GERS  

of H2Pc 

GERS + SERS 

of H2Pc 

Mode 

symmetry 

Mode description 

486 484 B1g Benzene ring rocking & central ring deformation 

683 683 Ag Bridging C–N–C sym. def. and benzene ring deformation 

728 726 Ag Pyrrole deformation and C–N–C rocking 

800 799 Ag Pyrrole & benzene ring C–C str. 

952 955 IR act. C-H out-of-plane deformation 

1086 1085 B1g N–H  in-plane deformation 

1143 1143 Ag Benzene ring C–C str. and C–H deformation 

1343 1343 Ag Benzene ring C–C str. and pyrrole C–C stretch 

1453 1452 Ag C–H def. 

1543 1540 Ag Bridging Cα–Nm–Cα asym. str. and  Cα–NH–Cα sym. str. 

 

4.3.4. Searching of reference system for GERS of H2Pc 

The GERS spectra of H2PC were measured first by Tereza Uhlířová [90], however, 

in the hybrid system assembled on a different type of glass slide (II) than that employed 

in this Thesis for preparation of the glass(I)/SLG/H2Pc reference system for 

SERS+GERS, and consequently, with a different position of the Fermi level of SLG, as 

mentioned in the previous Chapter 4.1.3. In both cases, for evaluation of GERS 

enhancement factors, it was necessary to find a suitable reference system. First, the 

highly ordered pyrolytic graphite (HOPG) and/or glass were tested for this purpose, but 

they were found unsuitable. HOPG was found to be partially damaged by soaking in 

toluene solution during H2Pc deposition [90]. As the second reference sample, glass 

slide was used. Unfortunately, no spontaneous adsorption of H2Pc onto a glass substrate 

was detected.  

Finally, a cylindrical graphite electrode for thermal evaporation of carbon was tested 

as substrate for the reference sample preparation. The electrode was cut in half to 

produce a flat surface. The surface was then rubbed and polished by abrasive papers of 

decreasing abrasivity, and finally polished by a filter paper. Graphite/H2Pc monolayer 

(ML) sample were prepared by a similar strategy as the glass/SLG/H2Pc (ML) sample. 

Nevertheless, owing to stability of this graphite substrate, the preparation protocol could 

be simplified by its immersion into the solution and the solvent, respectively, (rather 
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than only overlayed by each of them). Therefore, graphite was immersed into H2Pc 

solution in toluene for 2 hours, dried by filter paper and then repeatedly immersed into 

pure toluene for ~24 hours. 

Smoothness of the surface was checked by SEM. Though the surface looks flat and 

smooth, in the SEM images, two types of areas were found: The flat and smooth as 

shows Figure 72 – A, but also corrugated ones as demonstrates Figure 72 – B.  

 

 

Figure 72: SEM images of rubbed and polished graphite surface: (A) flat area, (B) 

corrugated area. 

 

For the measurement, the flat and smooth area had to be used, because of its 

similarity to SLG. For this reason, optical microscope of the Raman microspectrometer 

was used. At the optical microscope image, the flat and smooth area was found and 

from this area, Raman mapping was done.  

In addition to the optical microscopy imaging,  Raman spectral mapping can also be 

used for searching for the flat area. The Raman maps of the appropriate areas showed a 

very low intensity of the 1344 cm
-1

 graphite band, in contrast to those of the corrugated 

ones, in which this band was very intense.  

The parameters of the spectral maps acquisitions at each of the excitation 

wavelengths were the same as for the glassI/SLG/H2Pc samples. Nevertheless, owing to 

the above mentioned inhomogeneity of the graphite surface, it became crucial to acquire 

the Raman maps from exactly the same (carefully selected) flat and smooth area of the 

graphite surface (depicted in Figure 73) for both the graphite substrate itself, and for 

each of the graphite/H2Pc samples at each of the excitation wavelengths. Fulfillment of 
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this condition was accomplished by construction and application of a special sample 

holder, and it was repeatedly controlled by the optical imaging. 

 

 

Figure 73: Optical image of a flat and smooth location on graphite/H2Pc surface from 

which Raman maps were acquired. 

 

4.3.5. GERS, SERS and SERS + GERS enhancement factors  

From the glass/AgNPs/SLG/H2Pc hybrid system and from the glass/SLG/H2Pc 

reference system combined GERS + SERS spectra and GERS spectra, respectively were 

measured and obtained at 5 excitation wavelengths. In contrast to them, graphite/H2Pc, 

which was used as a second reference system, provided Raman (more precisely RRS) 

spectra only in resonance with the Qy (0-0) electronic transition, which is at 633 and 

647 excitations.  

At all five excitations, SERS+GERS/GERS enhancement factors (EFs) evaluating 

the SERS enhancement of GERS of H2Pc in the probed hybrid system were determined 

and their average values are shown in Table 14.  
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Table 14: Average SERS enhancement factors (EFs) of the vibrational modes of H2Pc 

at five excitation wavelengths in the 532-830 nm range. The EFs were determined as the 

ratios of the normalized intensities of the H2Pc spectral bands in SERS + GERS spectra 

of glassI/AgNPs/SLG/H2Pc(ML) hybrid system and in GERS spectra of 

glassI/SLG/H2Pc(ML) reference system. 

 

Wavelength 532 633 647 785 830 

EFs 5±2 14±5 9±3 10±3 13±4 

 

On the other hand, GERS EFs could be numerically evaluated only at 633 and 647 

nm excitations (Table 15), however, the aforementioned observation of GERS signal of 

H2Pc from the glassI/SLG/H2Pc(ML) system at all five excitation wavelengths, in 

contrast to the absence any of Raman signal of H2Pc from the graphite/H2Pc(ML) 

second reference system at 532, 785 and 830 nm indicates that the GERS enhancement 

of H2Pc modes occurs at these wavelengths as well. 

Table 15: Average values of GERS enhancement factors (GERS versus RRS normalized 

band intensity ratios), SERS enhancement factors (SERS+GERS versus GERS 

normalized intensity ratios), SERS+GERS enhancement factors (SERS+GERS versus 

RRS normalized intensity ratios) and multiplications of SERS enhancement factors with 

GERS enhancement factors of H2Pc vibrational modes at 633 and 647 nm excitations. 

 

 633 nm 647 nm 

Average GERS EFs 3 ± 1 4 ± 1 

Average SERS EFs 14 ± 5 9 ± 3 

Average SERS + GERS EFs 43 ± 7 41 ± 7 

Average SERS +GERS EFs (determined as SERS × GERS EFs) 42 ± 9 36 ± 7 

 

These results confirm observation of combined SERS+GERS of H2Pc from the 

glassI/AgNPs/SLG/H2Pc(ML) hybrid system and of GERS of H2Pc from the 

glassI/SLG/H2Pc(ML) reference system. Furthermore, the average SERS+GERS EFs at 

633 and 647 nm excitations (Table 15) were determined in a dual way: (i) directly from 

the SERS+GERS spectra (shown in Figure 71) in relation to the resonance Raman 

scattering (RRS) spectra of H2Pc localized in the graphite/H2Pc(ML) system (details for 
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individual bands in Table 16), and (ii) as products of the SERS and GERS EFs listed in 

the first and second row of Table 15. 

 

Table 16: SERS+GERS enhancement factors experienced by Raman modes of the 

H2Pc molecule localized in the glassI/AgNPs/SLG/H2Pc(ML) hybrid system. 

 

Peak position [cm
-1

] EFs GERS + SERS vs RR 

 633 nm 647 nm 

484 26 25 

683 34 25 

726 14 20 

798 22 28 

1085 32 27 

1143 46 53 

1343 39 33 

1452 67 72 

1540 107 88 

 

Their values (Table 15) are nearly identical at 633 nm excitation  and mutually very 

close (within the experimental error) at 647 nm excitation. This comparison indicates 

that the SERS and GERS EFs are simply multiplicative, i.e. that the two enhancement 

mechanisms are combined without any additional enhancement or damping. It should 

be noted that, in our hybrid system, we can observe only the EM SERS enhancement, 

since H2Pc is isolated from the Ag NPs surface by the SLG spacer. The ordering of the 

components in our hybrid system is thus different from the case of CuPc molecules 

sandwiched between a flat Au (111) surface and SLG, for which a coupling of GERS 

with the chemical mechanism of SERS, namely a charge transfer from Fermi level of 

Au to LUMO of CuPc, has been reported [113].  
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4.3.6.  SERS +GERS excitation profiles of selected spectral bands of H2Pc 

localized in the glassI/AgNPs/SLG/H2Pc(ML) hybrid system 

Excitation profiles (EPs) of the selected spectral bands of H2Pc were constructed 

from the SERS + GERS spectra of the glassI/AgNPs/SLG/H2Pc(ML) hybrid system 

measured at 532, 633, 647, 785 and 830 nm excitations. The complete EPs are 

presented in Figure 74 – A, their details in the 750-850 nm region are depicted in Figure 

75 – B, and the selected SERS+GERS  excitation profiles of H2Pc spectral bands with 

error bars are shown in Figure 75 – A. 

 

Figure 74: SERS+GERS excitation profiles (EPs) of spectral bands of H2Pc localized 

in glassI/AgNPs/SLG/H2Pc(ML) hybrid system: (A) complete EPs in the 532 nm-830 nm 

range of excitation wavelengths; (B) details of the EPs in the 750-830 nm range. 

 

 

Figure 75: (A) SERS+GERS excitation profiles of selected spectral bands of H2Pc 

measured from glassI/AgNPs/SLG/H2Pc(ML) hybrid system (B) GERS excitation 

profiles of the same bands of H2Pc as in (A) measured from glassI/SLG/H2Pc(ML) 

reference system. Both EPs are depicted with error bars. 
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For the comparison of the GERS EPs of the selected spectral bands of H2Pc 

determined from the GERS spectra of the glassI/SLG/H2Pc(ML) reference system 

measured at the same five excitation wavelengths as the SERS+GERS spectra, are 

presented in Figure 75 – B. Both the SERS+GERS EPs (Figures 74 – A and 75 – A) and 

the GERS EPs (Figure 75 – B) of all H2Pc spectral bands show a common maximum at 

633 nm excitation, and a normalized band intensity increase at 830 nm. This 

comparison demonstrates that the shapes of the GERS EPs of all the three spectral 

bands, namely the two distinct resonance features at 633 and 830 nm, remain preserved 

upon combination of SERS with GERS of H2Pc. 

The other common features of the selected SERS+GERS EPs in Figure 75 – A and 

the GERS EPs in Figure 75 – B are the sequences of the normalized band intensities of 

the three selected H2Pc spectral bands at 633, 647 and 830 nm excitations, in particular 

the 683>1143>1540 cm
-1

 sequences determined at both 633 and 647 nm excitations, and 

the reverse 683>1143> 1540 cm
-1

 sequence at 830 nm excitation. This result indicates 

that (i) each of the two resonance features (i.e. the maximum at 633 nm and the 

normalized intensity increase at 830 nm) observed in both the GERS EPs (Figure 75 – 

B) and SERS+GERS EPs (Figure 75 – A) belongs to a different resonance electronic 

transition, each showing a different localization within the H2Pc molecule, and (ii) for 

both these resonant electronic transitions, their localization within the H2Pc molecules 

remains unchanged upon combining of SERS with GERS. In summation, the only 

observed difference between the SERS+GERS and GERS EPs (Figure 75 – A and B) is 

the magnitude of the normalized intensity increase at 830 nm excitation, which is 

markedly higher in the latter case than in the former one. Such "smearing" of the 

SERS+GERS EPs shape emerges as the only consequence of the SERS enhancement 

contribution to the combined SERS+GERS profiles, and it can be tentatively explained 

by the similar values of the EM SERS mechanism enhancement of GERS of H2Pc at 

785 and at 830 nm excitation (Table 14). At this point, we find appropriate to emphasize 

that in both the glassI/AgNPs/SLG/ H2Pc(ML) hybrid system used for SERS+GERS 

spectral measurements and construction of SERS+GERS EPs and in the 

glassI/SLG/H2Pc(ML) reference system employed for GERS and GERS EPs 

construction, nearly the same level of doping of SLG by Ag NPs in the former system 

and by the glassI substrate in the latter one was established in Chapter 4.3.3. There were 

thus no differences in the position of Fermi level of SLG in the probed and in the 
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reference hybrid system which could possibly hamper the SERS+GERS and GERS EPs 

comparison. 

4.3.7.  Specification of the mechanisms of GERS and of their operation in 

GERS and SERS+GERS of H2Pc in the 532-830 nm range 

The next goals were (i) the assignment of two resonance electronic transitions 

modulating the shapes of both SERS+GERS and GERS EPs, (ii) determination of their 

localization within the H2Pc molecule (on the basis of the sequences of normalized band 

intensities of totally symmetric vibrations and of their assignment, as reported 

previously for RRS [14]) and (iii) specification of the mechanisms of GERS operating 

in both SERS+GERS and GERS of H2Pc in the 532-830 nm range.  

First, the electronic absorption band giving rise to the 633 nm maximum on both 

SERS+GERS and GERS EPs of H2Pc (Figure 74 – A, 75 – A and B) is attributed to the  

Qy (0,0) electronic transition of H2Pc on the basis of the previously reported electronic 

absorption spectra and EPs  [66,69,70,90,115,116]. 

Furthermore, the same sequences of the normalized band intensities in the 

SERS+GERS and GERS EPs of the three selected H2Pc bands (Figure 75 and in 

Chapter 4.3.6.) encountered at the 633 and at the 647 nm excitation indicate that the 647 

nm excitation also falls into the contour of the Qy (0,0) electronic absorption band.  

The markedly larger normalized band intensities at 633 than at 647 nm excitation 

(Figure 74 – A and Figure 75), together with the ~10 nm value of the Qy(0,0) band 

halfwidth determined by detailed SERRS excitation profiles of this electronic transition 

in Ag nanostructures/H2Pc hybrid system [69] (as the largest reported halfwidth of this 

electronic transition) indicate that the maximum of this electronic transition in both the 

glassI/AgNPs/SLG/H2Pc(ML) and the glassI/SLG/H2Pc(ML) system is located between 

the 633 and 647 nm excitations (mutually distanced by 14 nm), but closer to the 633 nm 

excitation, i.e. within ca 633 – 639 nm interval. In contrast to the normalized band 

intensities in GERS of H2Pc which maximize at 633 nm excitation (Figure 75A), the 

GERS EFs (Table 15) were determined to be larger at 647 nm (average EF=4) than at 

633 nm excitation (average EF=3).  

This observation is consistent with broadening and a small blue shift  of this 

electronic absorption band in both the glassI/AgNPs/SLG/ H2Pc(ML) hybrid and in the 

glassI/SLG/H2Pc(ML) reference system, in comparison to the graphite/H2Pc(ML) 

second reference system. These changes in the position and halfwidth of the Qy (0,0) 
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electronic absorption band are attributed to SLG - H2Pc(ML) interaction, and they are 

responsible for the GERS enhancement experienced by H2Pc spectral modes in both the 

probed hybrid and the reference system at 633 and 647 nm excitations, respectively 

(Table 15). 

Furthermore, the 1540>1143>683 cm
-1

 sequence of the normalized band intensities 

established in both SERS+GERS and GERS of H2Pc at 633 and 647 nm together with 

the assignment of the H2Pc vibrational modes in Table 13 and the detailed analysis of 

the complete GERS+SERS EPs indicate a preferential enhancement of the higher 

wavenumber modes, mainly the C-C stretching vibrations localized on benzene and 

pyrrol rings, the combined C-N-C stretch known as the cavity size marker [117] and the 

C-H deformation modes localized on the outer benzene rings. By contrast, this 

electronic transition has been reported to be localized preferencially on the tetrapyrrol 

macrocycle for a free H2Pc molecule owing to the preferential enhancement of 

macrocycle breathing and deformation modes [67]. The change in localization of the 

Qy(0,0) resonant electronic transition within the H2Pc molecule represents another 

manifestation of GERS in SERS+GERS of H2Pc in the glassI/AgNPs/SLG/ H2Pc(ML) 

as well as in GERS of H2Pc in the glassI/SLG/H2Pc(ML) reference system at 633 and 

647 nm excitations, and it is also attributed to the SLG - H2Pc(ML) interaction ( Figure 

76) 

The second resonance which manifests itself by the relative intensity increase at 

830 nm excitation was not been observed in the electronic absorption spectra of H2Pc 

reported in  [66,69,70,115,116]. The energy difference betwen Fermi level of SLG, 

which is located at -4.4 eV and LUMO of H2Pc, which is positioned at -2.87 eV [116] 

is 1.53 eV, i.e. 810 nm. This calculated value of the maximum of a charge transfer (CT) 

from Fermi level of SLG to LUMO of H2Pc at 810 nm suggests that the 830 nm 

excitation is in resonance with this CT electronic transition (Figure 76). Such CT 

transition has been theoretically predicted as one of the four possible mechanisms of 

GERS [24].
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Figure 76: Schematic depiction of two mechanisms of GERS identified in SERS +GERS 

of H2Pc measured from the glassI/AgNPs/SLG/H2Pc(ML) hybrid system as well as in 

GERS of  H2Pc obtained from the glassI/SLG/H2Pc(ML)  system  at excitations in the 

532-830 nm range. The energy of the Fermi level of SLG was determined to be ca -4.4 

eV in both systems. 

 

4.3.8. Combined SERS + GERS of H2Pc: conditions of the additivity of two 

enhancement mechanisms 

Evidence for a simultaneous operation of graphene-enhanced Raman scattering 

(GERS) and surface-enhanced Raman scattering (SERS) experienced by the free base 

phthalocyanine (H2Pc) molecular monolayer (ML) localized on the top of single layer 

graphene (SLG) deposited over an array of annealed Ag NPs has been obtained. 

Preparation and characterization of the glassI/AgNPs/SLG/H2Pc(ML) hybrid systems 

together with the glassI/SLG/H2Pc(ML) and graphite/H2Pc(ML) reference systems and 

their microRaman spectral mapping at five excitations in the 532-830 nm range, 

followed by determination of SERS, GERS and SERS+GERS enhancement factors 

(EFs) and construction of SERS+GERS and GERS excitation profiles (EPs) of H2Pc 

vibrational modes, has emerged as an appropriate strategy for a detailed elucidation of 

the SERS+GERS mechanisms combination. Importantly, the same positions of Fermi 

level of SLG (at -4.4 eV) were obtained in the glassI/AgNPs/SLG/H2Pc(ML) hybrid 

system probed for SERS+GERS and in the glassI/SLG/H2Pc(ML) reference system 

probed for GERS. This was achieved by employment of the appropriate glass substrate 

which induces a small negative doping of SLG comparable to the doping of SLG by Ag. 

GERS, SERS and GERS+ SERS EFs values have provided evidence that the 

combined SERS+GERS of H2Pc is observed at all excitations in the 532-830 nm range. 
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This observation is attributed to a proper selection of the array of annealed Ag NPs as 

the plasmonic enhancer operating in the broad wavelength range. In addition to that, the 

mechanisms of SERS and GERS in combined SERS+GERS were found to operate 

additively (i.e. their enhancement factors are simply multiplicative) at 633 and 647 nm 

excitations. Furthermore, the comparison of SERS+GERS and GERS excitation profiles 

(EPs) of H2Pc vibrational modes has revealed that the two distinct resonance features, 

i.e. the maximum at 633 nm and the normalized intensity increase from 785 to 830 nm 

excitation encountered in GERS EPs remain preserved in the SERS+GERS EPs as well. 

In this respect, the SERS+GERS EPs resemble the surface-enhanced resonance Raman 

scattering (SERRS) EPs, the shapes of which are modulated by resonance Raman 

scattering (RRS) of chromophoric molecules. 

The particular mechanisms of GERS operating in both SERS+GERS and GERS of 

H2Pc in our probed and reference hybrid systems, respectively, at different excitation 

wavelengths have been identified and found to be consistent with two of the four 

theoretically predicted mechanisms of GERS [24]. In particular, modification of 

localization of the resonant Qy(0-0) electronic transition (with maximum at ca 633-639 

nm) within the H2Pc molecule together with broadening and a small blue shift of its 

spectral band have been ascertained, and ascribed to the SLG - H2Pc (ML) interaction. 

The resonance observed at 830 nm excitation is attributed to a charge transfer (CT) 

electronic transition from Fermi level of SLG to LUMO of H2Pc with the calculated 

maximum at ca 810 nm. A slightly less pronounced (but still clearly detectable) 

manifestation of this CT transition in the SERS+GERS EPs in comparison to GERS EPs  

is the only difference between the SERS+GERS and GERS EPs of H2Pc encountered 

under the conditions of our experiment, i.e. upon the same position of Fermi level of 

SLG in the probed and in the reference system, respectively.  

In summary, observation of the combined SERS+GERS in a plasmonic 

NS/SLG/aromatic molecules hybrid system is conditioned by the overlap between the 

wavelength range of the plasmon resonance of the particular plasmonic NS and the 

range of wavelengths in which one of the mechanisms of GERS operates for a particular 

molecule. Another important aspect of SERS+GERS combination stems from the (now 

well established) fact that the GERS mechanism operation is, for any molecule, strongly 

dependent on the actual position of the Fermi level of SLG, which, in turn, is set to a 

particular value by doping of SLG by the plasmonic metal in the plasmonic 

NS/SLG/molecules hybrid system. This aspect has to be taken into account upon 
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designing and probing hybrid systems for SERS+GERS of aromatic molecules as well 

as upon selection of an appropriate substrate/SLG/molecules reference systems for 

evaluation of the GERS mechanism contribution to combined SERS + GERS.  
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5. Conclusion 

Ag NPs originating from their hydrosols were demonstrated to be versatile building 

blocks of both 2D and 3D assemblies tailored specifically for SERS and SERRS of 

hydrophobic molecules, for SERS of SLG and for combined SERS+GERS of planar 

aromatic molecules. 

In particular, incorporation of C60 molecules into 2D fused fractal aggregates 

prepared a two phase system constituted by the hydrosol of ca 27 nm sized Ag NPs 

modified by 0.1 M HCl and a solution of C60 in dichloromethane, followed by 

assembling of the 2D aggregates into 3D Ag nanosponge aggregates with incorporated 

C60 resulted into formation of excellent samples for SERS and SE(R)RS spectral 

detection of this hydrophobic adsorbate. Unperturbed (native) C60 molecules were 

detected at 445, 532, 633 and 780 nm excitation with the lowest LOD of 1×10
-7

 M at 

532 nm excitation. At all four excitation wavelengths, the LODs of the Ag nanosponge 

aggregate samples with incorporated C60 were found to be one order of magnitude lower 

than those in the case of the reference sample prepared by overlaying of an empty Ag 

nanosponge aggregate with the solution of C60 in dichloromethane. While the latter 

strategy has been routinely used upon employment of Ag nanosponges as substrates for 

SERS, the former strategy is newly reported in this Thesis. The results of SERS spectral 

probing of Ag nanosponge aggregates with C60 demonstrates the importance of a 

purposeful incorporation of adsorbates into hot spots in fractal Ag NPs aggregates. 

Analogous testing of the Ag nanosponge aggregates with incorporated molecules of a 

hydrophobic free base porphyrin H2TPP (tetraphenylporfin) showed an interesting 

possibility of diprotonated H4TPP
2+

 generation during the Ag nanosponge preparation, 

namely in the two phase Ag NP hydrosol +HCl/H2TPP in dichloromethane system, in 

which the 2D fused fractal aggregates were produced. Diprotonation of H2TPP in the 

two – phase system is catalyzed by the presence of Ag NPs, presumably by attachment 

of the parent H2TPP to Ag(0) adsorption sites during assembling of Ag NPs into fused 

fractal aggregates at the water – dichloromethane interface. The concentration of HCl 

required for the H4TPP
2+

 formation in this two phase system was at least by one order of 

magnitude lower than that in a control experiment performed in the absence of Ag NPs. 

The H2TPP diprotonation process was found to proceed also in pores of the aggregates 

prepared as the "empty" aggregates in which, purposefully, the residues of the HCl – 

modified aqueous phase were left in the pores. By this process, the diprotonation 
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reaction was transferred onto nanoscale, and opens a possibility to employ the empty 

Ag nanosponge aggregate as a nanoreactor. On the other hand, the diprotonation of 

H2TPP can be prevented by using NaCl instead of HCl as the pre-aggregating agent, as 

demonstrated by SERRS spectral detection of unperturbed H2TPP.  

Both 2D and 3D assemblies of AgNPs were tested as substrates for SERS of SLG 

(single layer graphene) in two types of hybrid samples, namely in glass/SLG/AgNPs 

assembly and glass/AgNPs assembly/SLG. The 2D assemblies were found to be 

superior to the 3D assemblies. In particular AgNPs-ET (ET= ethanethiol and/or 

ethanethiolate) films prepared by the previously reported procedures showed distinct 

advantages in each sample arrangement. In the glass/SLG/AgNPs-ET, SERS spectra of 

unperturbed SLG with almost no defects were obtained, and this result was attributed to 

the presence of adsorbed ET molecules forming a molecular spacer separating SLG 

from the surface of AgNPs. In the reverse hybrid sample arrangement, it was found that 

overdeposition of AgNPs-ET films on glass by SLG using the CVD procedure 

combined with NC (nitrocellulose) transfer procedure, ET molecules are removed from 

the surface and AgNPs are annealed. The resulting glass/AgNPs/SLG hybrid system 

showed SPE covering the overall visible spectral region, and thus represented an 

optimal platform for enhanced SERS + GERS of a planar aromatic molecule, namely 

H2Pc. 

For investigation of the enhanced SERS + GERS of a planar aromatic molecule, 

namely H2Pc, the glass(I)/AgNPs assembly/SLG/H2Pc(ML) (ML = monolayer) hybrid 

system was assembled, together with the graphite/H2Pc(ML) reference system. The 

glass(I)/SLG/H2Pc(ML) reference system was assembled on the basis of a hypothesis, 

that for a proper evaluation of the EM SERS enhancement factor and of the additivity of 

the EM mechanism of SERS and GERS, the reference GERS spectra have to be 

obtained from such glass(I)/SLG/H2Pc(ML) reference system in which doping of SLG 

by glass(I) will be the same as the weak negative doping of SLG by Ag metal (NPs) in 

the glass(I)/AgNPs assembly/SLG/H2Pc hybrid system. Fulfillment of this condition 

was accomplished by using a special microcopy glass slide, and verified by 

determination of position of the Fermi level of SLG, which, in both cases was estimated 

to be -4.4. eV. Under these conditions, the SERS + GERS and GERS excitation profiles 

are of the same shape, and the SERS and GERS enhancement factors were found to be 

additive.  
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Finally, operation of two of the four theoretically predicted mechanisms of GERS 

has been established both in SERS + GERS of the hybrid system, and in GERS of the 

reference system. The first mechanism is described as modification of the position 

(a small blue shift) of the Qy electronic transition (with maximum at 633 – 639 nm) and 

of the localization of this electronic transition, namely its delocalization over the 

benzene rings of the H2Pc molecule. The second mechanism is attributed to a CT 

(charge transfer) transition from Fermi level of SLG to the LUMO of H2Pc (with 

maximum at ca 810 nm).  
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7. List of abbreviation  

NS/NSs Nanostructure/Nanostructures 

NP/ NPs Nanoparticle/ Nanoparticles 

SERS Surface-enhanced Raman scattering 

SER(R)S Surface-enhanced (resonance) Raman scattering 

SERRS Surface-enhancement resonance Raman scattering 

EM Electromagnetic mechanism 

MR Molecular resonance 

SLG Single layer graphene 

GERS Graphene-enhanced Raman scattering 

SPE Surface plasmon extinction 

UV/VIS Ultra-violet/Visible  

LOD/LODs Limit of detection/ Limits of detection 

PA Pre-aggregating agent 

ET  Ethanethiol and/or Ethanethiolate 

H2TPP 5,10,15,20-tetraphenyl-21H,23H-porphine 

H4TPP
2+

 Diprotonated (diacid) form of 5,10,15,20-tetraphenyl-21H,23H-

porphine 

H2Pc 29H,31H-Phthalocyanine 

BH1 hydrosol AgNPs hydrosol prepared by reduction of 2.2×10
-3

M AgNO3 by 

1.2×10
-3

 M NaBH4  

BH2 hydrosol AgNPs hydrosol prepared by reduction of 4.6×10
-3

M AgNO3 by 

1.2×10
-3

 M NaBH4 

HA-AgNPs 

hydrosol 

AgNPs hydrosol prepared by reduction of 1.2×10
-2

 M AgNO3 

by 1.6×10
-3

M NH2OH∙HCl 

CT Charge transfer 

NCA Normal coordinate analysis 

EP Excitation profile 

EF Enhancement factor 
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8. Supplement 

8.1. Publication I: Raman excitation profiles of hybrid systems 

constituted by single-layer graphene and free base 

phthalocyanine: Manifestation of two mechanisms of graphene-

enhanced Raman scattering 
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Supporting Information Text 1: Preparation and Raman spectral mapping of 

graphite/H2Pc (ML) reference sample     

A cylindrical graphite electrode for thermal evaporation of carbon was cut in half to 

produce a flat surface. The surface was then rubbed and polished by abrasive papers of 

decreasing abrasivity, and finally polished by a filter paper. The surface appeared to be 

flat and smooth, however, its SEM imaging revealed the presence both of the flat and 

smooth areas (Fig. S1, image A) and of the corrugated ones (Fig.S1, image B). Imaging 

with the optical microscope of the Raman microspectrometer revealed that the flat and 

smooth areas can be found also on the optical images (Fig. S2), and used for the 

subsequent Raman mapping. Moreover, the areas suitable for mapping of the 

graphite/H2Pc reference samples could be identified also by the Raman spectra resulting 

from mapping of the parent graphite surface. The Raman maps of the appropriate areas 

showed a very low intensity of the 1344 cm-1 graphite band, in contrast to those of the 

corrugated ones, in which this band was very intense.  

  Graphite/H2Pc monolayer (ML) samples were prepared by a similar strategy as those 

of glass/SLG/H2Pc, i.e. first by soaking in H2Pc solution in toluene and by a subsequent 

repeated soaking in pure toluene. Nevertheless, owing to stability of the graphite 

substrate, the preparation protocol could be simplified by its immersion into the solution 

and the solvent, respectively, (rather than only overlayed by each of them). Therefore, 

graphite was immersed into H2Pc solution in toluene for 2 hours, dried by filter paper 

and then repeatedly immersed into pure toluene for ~24 hours. Achievement of a ~ 

monolayer coverage was established in a similar manner as in the case of 

glass/SLG/H2Pc sample. 

  The parameters of the spectral maps acquisitions at each of the excitation wavelengths 

were the same as for the glass/SLG/H2Pc samples. Nevertheless, owing to the above 

mentioned inhomogeneity of the graphite surface, it became crucial to acquire the 

Raman maps from exactly the same (carefully selected) flat and smooth area of the 

graphite surface (depicted in Fig S2) for both the graphite substrate itself, and for each 

of the graphite/H2Pc samples at each of the excitation wavelengths. Fulfillment of this 

condition was accomplished by construction and application of a special sample holder, 

and it was repeatedly controlled by the optical imaging.       
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Fig. S1 SEM images of rubbed and polished graphite surface: (A) flat area, (B) 

corrugated area. 

 

 

 

Fig. S2 Optical image of a flat and smooth location on graphite/H2Pc surface from 

which Raman maps were acquired. 
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Fig. S3 Electronic absorption spectrum of a filtered saturated (<5x10
-5

 M) solution of 

H2Pc in toluene. 

 

 

 

Fig. S4 Raman spectra (500-1700 cm-1) of  glass/SLG/H2Pc (BL)-I (black), 

glass/SLG/H2Pc (ML)-VI (red)  and  glass/SLG/H2Pc (ML)-X (blue) systems at 532 nm 

excitation. 
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Supporting Information Text 2: Details of the assignment of the H2Pc Raman 

spectral bands in the hybrid systems. 

  Since the vast majority of spectral bands observed in the spectra of all hybrid 

samples can be related to their analogues in the previously reported Raman spectra of 

H2Pc in thin films 
16,17,20

  and in a KBr pellet 
8,21

, the previously published assignments 

of Raman spectral bands can, in principle, be used. A normal coordinate analysis (NCA) 

has not been reported for H2Pc. Nevertheless, the NCA performed for FePc 

metallophthalocyanine indicates a strong vibrational coupling of the individual 

(characteristic) modes and, consequently, a strong vibrational delocalization of normal 

modes over the Pc macrocycle.
39

 Consequently, the assignment of H2Pc vibrations 

based on the DFT (density functional theory) calculations 
8,21

  appears to be more 

comprehensive than the previously published empirical one.
16

  The former assignment 

has thus been adopted into Table 1.  

Raman active vibrations of H2Pc molecule belong to Ag, B1g, B2g and B3g symmetry 

species. Nevertheless, only the bands of Ag and B1g in plane vibrations are usually 

observed in Raman spectra of H2Pc.
8
 It should be noted that both the Ag and B1g Raman 

active vibrations experience a resonance enhancement upon excitations overlapping 

with the Q-band spectral region. Excitations at the wavelengths matching those of the 

purely electronic Qx (0-0) and Qy(0-0) transitions lead to the resonace enhancement of 

totally symmetric Ag modes by the Franck-Condon mechanism. In addition to that, the 

B1g modes are enhanced by the Herzberg-Teller mechanism originating from coupling 

of the close lying Qx and Qy excited electronic states by vibrations of B1g symmetry. 

Furthermore, excitations falling into the vibronic side-band of the Qy band (originating 

from coupling of the B, i.e. the Soret, and the Q electronic transitions) also lead to the 

resonance enhancement of both Ag and B1g vibrations.
 16,17

         Assignment of the 

Raman spectral bands of H2Pc in the KBr pellet to Ag and B1g symmetry species based 

on the DFT calculation has been performed.
8
  For the experimental verification of this 

assignment, we attempted to determine the depolarization ratios of Raman spectral 

bands at an off-resonance excitation (to avoid observation of anomalously polarized 

bands). Since solubility of H2Pc in toluene was not sufficient for this purpose, 

depolarization ratios of Raman spectral bands were obtained from Raman spectral 

polarization measurements of an aqueous solution of the water soluble derivative of 

H2Pc, namely H2Pc-TS (TS= tetrasulphonatophenyl), at 532 nm, i.e. by the strategy 

previously employed for FePc [39]. Comparison of the polarization characteristics (p-
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polarized, dp-depolarized) of the H2PcTS Raman spectral bands with the symmetry 

species (Ag or B1g) assigned to the corresponding bands of the H2Pc vibrations in the 

glass/SLG/H2Pc (ML)-X system on the basis of the results of the DFT calculation for 

H2Pc is shown in Table S1, and the results have been incorporated into Table 1. The 

match between the DFT-calculated and  the experimentally determined symmetry 

properties of vibrations derived from the depolarization ratios of their spectra bands  (p-

A1g, dp-B1g) has been obtained for all the Raman bands with a clearcut correspondence 

between the H2Pc and H2Pc-TS spectral bands. (Table S1).  

 The wavenumbers of Raman spectral bands observed for the glass/SLG/H2Pc(BL)-I 

hybrid system at 633 nm (Fig. 2, spectrum b), in comparison to those in the previously 

reported Raman (GERS) spectra of the Si/SiO2/SLG/H2Pc hybrid system of about 0.2 

nm thickness measured at this particular excitation wavelength,
3
 show a good mutual 

agreement. In addition to those reported previously,
3
 we report the spectral bands in the 

400-600 cm
-1

 region, namely those at 484, 544 and 569 cm
-1

as well as two new spectral 

bands at 750 and 951 cm
-1

. All the spectral bands in the spectra of glass/SLG/H2Pc 

(BL)-I at 633 nm excitation have their analogues in the newly reported spectra at the 

647 nm excitation (and most of them are observed also at 785, 830 and 532 nm 

excitations) (Fig. 2 and Table 1). At both 633 and 647 nm excitations, we observe also 

analogues of the 766, 1159 and 1407 cm
-1

 bands (namely at 768,1162 and 1406 cm
-1

) 

which, in ref. 3, were assigned to the SLG activated IR (infrared) modes. Nevertheless, 

in the meantime, analogues of these bands (765, 1155, 1407 cm
-1

) have been observed 

in the Raman spectra of H2Pc in a KBr pellet excited at 532 nm  and assigned to Raman 

active Ag modes on the basis of the DFT calculations.
21

  On the other hand, the newly 

observed spectral bands at 750 and 951 cm
-1

 do not have analogues in the previously 

published Raman (and/or GERS) spectra of H2Pc. 
3,16,21 

 Since these bands belong 

neither to Raman bands of toluene (used as solvent for H2Pc deposition by adsorption) 

nor to those of impurities originating from the SLG deposition (they are absent in 

Raman spectra of the parent glass/SLG system, Fig.S7 spectrum d), their origin 

deserves a more thorough discussion provided below.  

  The 750, 958, 1218 and 1533 cm
-1

 Raman bands of H2Pc are the spectral features 

related to the SLG-H2Pc interaction in glass/SLG/H2Pc hybrids. Of these, the 1533 cm
-1

 

band occurs specifically upon SLG-H2Pc (ML) interaction. We note that the 750 and 

958 cm
-1

 bands (which do not have any previously reported Raman analogues) do have 

their counterparts in the IR  spectra of H2Pc, namely the 752 and 952 cm
-1

 bands 
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assigned to the out of plane N-H and out of plane C-H deformation modes, 

respectively.
21,40,41

 Their Raman spectral activation by the SLG-H2Pc interaction could 

presumably be related to a decrease of the effective symmetry of H2Pc molecule 

(D2h→D2d) by its axial interaction with SLG. It should also be noted that the graphite-

SLG interaction is not strong enough to induce such effect, since the two above 

mentioned bands are virtually absent in the Raman spectra of graphite-H2Pc (ML) 

system. A probable reason for the graphite –H2Pc interaction being weaker that SLG-

H2Pc one is the fact that in the graphite-H2Pc system, the top graphene layer of graphite 

interacts with both H2Pc and with the other graphene layers in graphite. 

  A similar argument, i.e. the relatively strong SLG-H2Pc interaction, can be used for 

explanation of the appearance of the 1218 cm
-1

 Raman band (belonging to B1g 

symmetry mode), as well as of the 1533 cm
-1

 in the spectra of glass/SLG/H2Pc hybrids.  

Nevertheless, the origin of the latter band requires a closer inspection for the following 

reasons. First, its observation is limited to the glass/SLG/H2Pc/ (ML) samples VI and X, 

however, its actual relative intensity is different for the sample VI and X, and, for the 

sample X, it becomes the most intense Raman spectral band of H2Pc. Secondly, in the 

spectra of both samples VI and X, this band is observed as the part of a doublet with a 

close-lying band at 1545 cm
-1

 which decreases in its relative intensity for the sample X 

with respect to the sample VI. The latter Raman spectral band is, in turn, typical for the 

spectra of both glass/SLG/H2Pc(BL)-I and graphite/H2Pc (ML) hybrids. 

 This single Raman band observed at 1543 cm
-1

 for glass/SLG/H2Pc(BL)-I and at 1544 

cm
-1

 for  graphite/H2Pc (ML) corresponds with the 1540 cm
-1

 band of H2Pc in the KBr 

pellet assigned to the C-Nm-C asymmetric stretching and  C-NH-C symmetric 

stretching, i.e. to the overall motion of 16 C-N bonds of Ag symmetry. 
8,21

  This band 

has also been denoted as the cavity size marker on the basis of the spectra of various 

metallophthalocyanines 
42

. In the case of H2Pc Raman spectra, this band has also been 

observed in the 1534-1539 cm
-1

 range for various samples of the α -H2Pc polymorph 

films 
16,17,20

  and as a 1539 and 1525 cm
-1

 doublet for the β -H2Pc polymorph films. In 

the latter case, observation of a doublet can be attributed to the presence of two non-

equivalent H2Pc molecules in the unit cell. 
9
  

   In search for a possible explanation of observations of the 1545, 1533 cm
-1

 doublet in 

Raman spectra of hybrid systems constituted by SLG and a monolayer of H2Pc 

molecules, we speculate that there can actually be two types of adsorption sites for H2Pc 

on SLG, and that at one of them, the SLG-H2Pc interaction is stronger than on the other. 
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This, in turn, could result into observation of two C-N-C mode bands. Furthermore, the 

additional soaking of the sample VI in toluene could lead to reorganization of molecules 

within the adsorbed H2Pc monolayer resulting into a higher population of the sites with 

a stronger H2Pc -SLG interaction in sample X . This, in turn, can lead to the the gain of 

the 1533 cm
-1

 band intensity on the expenses of that of the 1545 cm
-1

 band. Importantly, 

the exchange of relative band intensities of the two above mentioned bands projects 

itself into the wavenumbers of the corresponding overtone bands, which are observed at 

3080 cm
-1

 for sample VI and at 3060 cm
-1

 for sample X (Table 2 and Figs.S5 and S6). 

In particular, observation of the 1533 cm
-1

 band overtone at 3060 cm
-1  

indicates, that 

the corresponding fundamental is of Ag symmetry and can thus be attributed the 

combined C-N-C vibrational mode. This assignment has been incorporated into Table 1. 

Note: the references correspond to those listed in the paper. 
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Table S1: Wavenumbers of H2PcTS Raman spectral bands (in an aqueous solution) and 

their polarization (p = polarized, dp = depolarized), wavenumbers of H2Pc Raman 

spectral bands in glass/SLG/H2Pc-X hybrid system and the symmetry of corresponding 

modes from DFT calculations by Murray et al. 
21

. The 1276 cm
-1

 band (marked *) 

belongs to sulfonate group
39

  

  

Band wavenumbers 

of H2PcTS (cm
-1

) 
Polarization 

Band wavenumbers 

of H2Pc (cm
-1

) 
Symmetry 

576 p 545 Ag 

588 p 597 Ag 

688 p 684 Ag 

727 p 726 Ag 

805 p 798 Ag 

  1010 Ag 

1020 dp   

1035 dp 1029 B1g 

1071 dp 1085 B1g 

1103 dp 1111 B1g 

1128 dp   

  1145 Ag 

1180 p 1185 Ag 

1190 dp 1197 B1g 

1228 dp 1219 B1g 

1276 * –  

1312 dp 1311 B1g 

1337 p 1343 Ag 

1394 p 1408 Ag 

1431 dp 1431 B1g 

1463 p 1453 Ag 

1518 p 1512 Ag 

1535 dp 1532 – 

 p 1544 Ag 

1578 P –  

1614 dp 1620 B1g 
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Fig. S5  Full range (400-4000 cm-1) Raman spectra of (a) glass/SLG/H2Pc (BL)-I, (b) 

glass/SLG/H2Pc (ML)-VI and (c) glass/SLG/H2Pc (ML)-X systems at 633 nm 

excitation. 
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Fig. S6  Full range (400-4000 cm-1) Raman spectra of (a) glass/SLG/H2Pc (BL)-I,  

(b) glass/SLG/H2Pc (ML)-VI and (c) glass/SLG/H2Pc (ML)-X systems at 647 nm 

excitation. 
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Fig. S7 Comparison of the full range Raman spectra of glass/SLG/H2Pc systems (a) 

(BL)-I, (b) (ML)-VI, (c) (ML)-X and of (d) glass/SLG reference system at 532 nm 

excitation. 
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Table S2: The 2D mode dispersion in the parent glass/SLG system and in the hybrid 

system with H2Pc  

 

  

 

Excitation 

wavelength [nm] 

glass/SLG/H2Pc 

– I 

glass/SLG/H2Pc 

– VI 

glass/SLG/H2Pc 

– X 
glass/SLG 

532 2692 2694 2694 2692 

633 2652 2655 2658 2655 

647 2649 2651 2651 2647 

785 2597 2596 2595 2600 
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Fig. S8  Details of Raman spectral bands excitation profiles of (A) glass/SLG/H2Pc 

(BL)-I system, (B) glass/SLG/H2Pc (ML)-VI system, (C) glass/SLG/H2Pc (ML)-X 

system in the 532-830 nm range (with the focus on the less enhanced bands). 
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8.2. Publication II: Effect of ethanethiolate spacer presence and/or 

removal on morphology and optical responses of hybrid systems 

constituted by single layer graphene and Ag nanoparticle arrays   
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Fig S1: Left: TEM image of a dried drop of parent Ag NP hydrosol prepared according 

to the ref. S1 (identical with the ref. 23 in the main paper). Right: Particle size 

distribution determined from the TEM image of the depositd Ag NPs hydrosol. 

 

 

 

 

 

 

Fig S2: Photographic depiction of the Ag NPs-ET interfacial nanoparticulate film 

preparation and of its transfer on a glass slide by imprinting. 
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Fig S3: SERS spectra of SLG obtained from glass/SLG reference system at (a) 445 nm 

(b) 532 nm (c) 633 nm (d) 780 nm  excitations. 

 

Fig S4: SERS spectra of Ag-ethanethiolate species obtained from the glass/AgNPs-ET 

array reference system at (a) 445 nm (b) 532 nm (c) 633 nm (d) 780 nm excitations. 
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Fig S5: Surface plasmon extinction (SPE) spectrum of glass/SLG/AgNPs-ET hybrid 

system in relation to (i) the 633 nm excitation wavelength (unlabelled arrow), (ii) the 

wavelength of photons scattered by the G mode of SLG (1585 cm
-1

) at 633 excitation (
*
-

labelled arrow) and (iii) wavelength of photons scattered by the 2D mode of SLG (2648 

cm
-1

) at 633 excitation  (
#
-labelled arrow). 

 

Fig S6: TEM image of the glass/annealed AgNPs array/SLG at low magnification 
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Table S1: Assignment of Raman spectral bands of ethanethiol and SERS spectral bands 

of  Ag-ET species in Ag NPs-ET array based on refs S1-S4.  

Average wavenumbers/cm
-1

 
Wavenumber 

range 
Type of vibration 

Ethanethiol 
AgNPs-ET 

array 
  

– 350 600 – 700  -AgS 

659 632 580 – 1000  C – S stretching 

– 964 850 – 1000  -CH3 rocking 

1090 1045 1000 – 1150 C – C stretching 

1272 1238 1200 – 1400 CH2 rocking 

– 1368 1330 – 1385 -CH3 symmetric deformation (bending) 

– 1426 1385 – 1445 CH2 scissoring deformation (bending) 

1448 1446 1400 – 1480  
CH3 antisymmetric deformation 

(bending) 

2570 – 2520 – 2600  -SH 

2737 2716 – Overtone of 1368 cm
-1

 

– 2858 2840 – 2870  Symmetric -CH2 stretching 

2870 – 2885 – 2865  Symmetric -CH3 stretching 

2927 2913 2915 – 2940   Antisymmetric -CH2 stretching 

2960 2964 2950 – 2975  Antisymmetric -CH3 stretching 

 

 

Table S2: The average SERS enhancement factors of the modes of the Ag-ET surface 

species in glass/ AgNPs-ET reference system 

λexc/nm Ef 

445 5×10
5
 

532 5×10
6
 

633 2×10
6
 

780 1×10
6
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Table S3: Enhancement factors of ethanethiol bands in glass/SLG/Ag-NPs-ethanethihol 

film in comparison to glass/Ag-NPs-ethanethiol film 

λexc = 445 nm λexc = 532 nm 

Position Intensity 

–

reference 

Intensity 

– with 

SLG 

Ef Position Intensity 

–

reference 

Intensity 

– with 

SLG 

Ef 

633 354 275 λexc = 

532 nm 

1 

633 11046 40230 3 

965 80 42 1 965 1518 5490 4 

1047 34 34 1 1047 1813 7360 3 

1238 34 37 1 1238 1576 6160 3 

1426 4 4 1 1426 489 2110 4 

1448 7 14 2 1448 579 1930 4 

2859 187 199 1 2859 8173 27000 4 

2914 799 864 1 2914 17627 97720 4 

2957 251 257 1 2957 8991 30500 4 

λexc = 633 nm λexc = 780 nm 

Position Intensity 

–

reference 

Intensity 

– with 

SLG 

Ef Position Intensity 

–

reference 

Intensity 

– with 

SLG 

Ef 

633 12525 54052 4 633 17238 19001 1 

965 1219 4936 4 965 1233 1374 1 

1047 2898 8630 4 1047 2728 3137 1 

1238 1021 3647 3 1238 788 864 1 

1426 462 1398 3 1426 948 964 1 

1448 695 2360 4 1448 1478 1524 1 

2859 2022 8817 3 2859 3958 4296 1 

2914 7050 29747 4 2914 7699 8661 1 

2957 1994 8528 4 2957 1975 2026 1 

 

References to Supporting Info:  

[S1] Michl, M.; Vlčková, B.; Mojzeš, P. Ag Colloid-1-alkanethiol Films: Spacer-

modified Substrates for SERRS Spectroscopy of Chromophoric Molecules.Vibrational 

Spectrosc. 1999, 19, 239-242. 

[S2] Bensebaa, F.; Zhou, Y.; Brolo, A.G.; Irish, D.E.; Deslandes, Y.; Kruus, E.; Ellis, 

T.H. Raman characterization of metal-alkanethiolates, Spectrochim. Acta A, 1999, 55, 

1229-1236. 

[S3] Kudelski, A. Characterization of thiolate-based mono- and bilayers by vibrational 

spectroscopy: A review. Vibrational Spectrosc 2005, 39, 200-213. 

[S4] Socrates, G. Infrared and Raman Characteristic Group Frequencies, John Wiley 

& Sons, LTD, England, 2001. 



 

184 

 

8.3. Publication III: Excitation wavelength dependence of combined 
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Figure S1 Electronic absorption spectrum of a filtered saturated (<5x10
-5

 M) solution of 

H2Pc in toluene. 

 

 

 

 

Figure S2 Schematic depiction of the final step of the glassI/AgNPs/SLG/H2Pc(ML) 

hybrid system preparation: overdeposition of the glassI/AgNPs/SLG hybrid system by a 

monolayer (ML) of H2Pc molecules. 
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Text S1 

A generally known formula for calculation of the standard deviation for a function u of 

two variables (x,y), each of which suffers from random errors: 

 

𝑢 = 𝑢(𝑥, 𝑦) 

𝑠𝑢 = √(
𝜕𝑢

𝜕𝑥
)
2

𝑠𝑥̅
2 + (

𝜕𝑢

𝜕𝑦
)
2

𝑠𝑦̅
2 

 

has been adapted for calculations of the average standard deviations of the average 

values of enhancement factors (EFs) and of the normalized band intensities. As an 

example, the formula for calculation of the average standard deviations of the average 

values of SERS EFs is provided: 

 

𝑠𝐸𝐹 = 𝐸𝐹√(
𝑠𝐼𝑆𝐸𝑅𝑆
𝐼𝑆𝐸𝑅𝑆

)
2

+ (
𝑠𝐼𝑅𝑅𝑆
𝐼𝑅𝑅𝑆

)
2

 

 

where  

sEF =  average standard deviation of the average value of SERS EF 

EF =   average value of SERS EF 

ISERS  = average value of SERS spectral bands intensity 

IRRS  =  average value of RRS spectral bands intensity 

𝑠𝐼𝑆𝐸𝑅𝑆 = average standard deviation of the average SERS spectral bands intensity 

𝑠𝐼𝑅𝑅𝑆=   average standard deviation of the average RRS spectral bands intensity 

The average spectral band intensity was calculated as an average of spectral band 

intensities at each of the 50 x 50 points of a 25 μm x 25 μm microRaman spectral map, 

and the average standard deviations were calculated as the average values of differences 

between the particular spectral band intensity at each point of the map and the average 

spectral band intensity. The values of the average standard deviations thus reflect the 

degree of heterogeneity of the microRaman spectral maps on μm scale.  
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Figure S3 (A) - an optical image of the glassI/AgNPs/SLG/H2Pc(ML) area of the 

sample; (B) and (C) - SERS spectral maps of the G mode (1590 cm
-1

) and 2D (2595 cm
-

1
) mode of SLG; (D) and (E) - SERS+GERS spectral maps of the 683 cm

-1
 and 1540 

cm
-1

 modes of H2Pc. The spectral maps (B)-(D) were acquired from the same area as 

the optical image (A) at 785 nm excitation.  

 

Table S1 SERS+GERS enhancement factors experienced by Raman modes of the H2Pc 

molecule localized in the glassI/AgNPs/SLG/H2Pc(ML) hybrid system. 

 

Peak position [cm
-1

] EFs GERS + SERS vs RR 

 633 nm 647 nm 

484 26 ± 6 25 ± 4 

683 34 ± 7 25 ± 6 

726 14 ± 5 20 ± 3 

798 22 ± 5 28 ± 5 

1085 32± 8 27± 5 

1143 46 ± 7 53 ± 12 

1343 39 ± 5 33 ± 8 

1452 67 ± 6 72 ± 9 

1540 107 ± 15 88 ± 13 
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Text S2  

Detailed analysis of the sequences of normalized band intensities in SERS+GERS 

EPs of the spectral bands of H2Pc localized in glassI/AgNPs/SLG/H2Pc(ML) hybrid 

systems   

   The sequences of the normalized band intensities in SERS+GERS excitation profiles 

(EPs) of the spectral bands of H2Pc localized in glassI/AgNPs/SLG/H2Pc(ML)  were 

determined at 633 and 647 nm excitations from the complete EPs presented in Figure 

5A and at 830 nm excitation from the detailed EPs depicted in Figure 5B. The 

sequences of the normalized band intensities were analyzed in terms of the symmetry of 

the corresponding vibrations and their localization within the H2Pc molecule. For the 

totally symmetric normal vibrations (Ag), their normalized relative band intensities are 

proportional to the magnitude of changes of their normal coordinates upon the resonant 

electronic transition. Their evaluation thus allows for determination of the localization 

of the resonant electronic transitions within a molecule. 
24,44

      The sequence of the 

most intense bands (maxima in cm
-1

) in EM SERS+GERS of H2Pc at 633 nm excitation  

was determined as follows: 1540 (Ag) > 1343 (Ag)  > 1143 (Ag) > 1452 (Ag) >  799 (Ag) 

~ 726 (Ag) > 683 (Ag) >  1085 (B1g) ~ 484 (B1g).  At 647 nm excitation, the sequence of 

the most intense bands was found to be: 1540 (Ag)> 1343 (Ag) > 1143 (Ag) > 726 (Ag) 

~1452 (Ag) ~ 683 (Ag) ~ 799 (Ag) > 1085 (B1g) > 484 (B1g). The common feature of 

both sequences of the spectral bands is a preferential enhancement of the totally 

symmetric Ag modes over the B1g modes, and a preferential enhancement of higher 

wavenumber Ag modes of localized on the pyrrole and on the benzene rings over the 

low wavenumber Ag macrocycle modes (the latter aspect being more pronounced at 633 

than at 647 nm excitation). Importantly, the sequences of the most enhanced bands are 

similar to those reported for GERS of H2Pc in ref.
24

 and they indicate that both the 633 

and the 647 nm excitations fall into the electronic absorption band of the Qy 0-0 

electronic transition within the H2Pc molecules assembled into a monolayer on the 

surface of SLG, i.e. upon the conditions of the SLG-H2Pc (ML) interaction.  

    The sequence of the most intense bands at 830 nm excitation was established as: 683 

(Ag) >  726 (Ag) > 1343 (Ag) ~484 (B1g) > 1143 (Ag) ~ 1540 (Ag) > 1452 (Ag) > 799 

(Ag) > 1086 (B1g).  In contrast to the previously established sequences of the most 

enhanced bands at 633 and 647 nm excitation, the low wavenumber bands of the H2Pc 

macrocycle are among the most enhanced bands in SERS-GERS of H2Pc. This effect is 

analogous to that observed for GERS of H2Pc in ref.
24

, however, the preferential 
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enhancement of the low wavenumber bands of the H2Pc macrocycle is even more 

pronounced in the SERS-GERS EPs presented in this paper (Figure 5B) than in the 

GERS ones 
24

, since the low wavenumber 684 and 726 cm
-1

 bands show the largest 

normalized band intensities of all bands at 830 nm excitation. This observation thus 

provides a clearcut evidence that the LUMO of H2Pc is populated by a different 

electronic transitions at 830 nm excitation than at 633 and 647 nm excitations (as 

depicted in Figure 7). The former electronic transition is attributed to the charge transfer 

(CT) electronic transition from the Fermi level of SLG to LUMO of H2Pc (first reported 

in ref.
24

 for GERS of H2Pc). 
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