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Zusammenfassung 

Das Verhalten von durch Graphen oder Graphenoxid (GO) begrenzten Molekülen hat 
sich, bedingt durch die bemerkenswerten strukturellen und optischen Eigenschaften dieser 
quasi-zweidimensionalen Materialien [1-3], als vielversprechendes Forschungsfeld erwiesen. 
Die vorliegende Arbeit konzentriert sich auf das Hydrationsverhalten von GO und das Verhalten 
kleiner, von Graphen begrenzter Moleküle. 

GO-Membranen sind gegenüber Wasser selektiv durchlässig und zu einer 
feuchtigkeitsabhängigen Gastrennung imstande [4]. Nichtsdestotrotz ist über die GO-Hydration 
bisher wenig bekannt. Darüber hinaus bietet Graphen das Potential von komplexen 
Wechselwirkungen mit kleinen Molekülen. Die Untersuchung des Verhaltens von Molekülen, 
die von einem festen Substrat und Graphen begrenzt werden, könnte zu einem besseren 
allgemeinen Verständnis der molekularen katalytischen Aktivität an Grenzflächen und unter 
Begrenzung beitragen. 

 In dieser Arbeit wurde auf Rasterkraftmikroskopie (SFM) zurückgegriffen, um die GO-
Hydration zu untersuchen. Diese Technik erlaubt es, das Eindringen von Wasser zwischen 
verschiedenen, einzelnen GO-Schichten zu beobachten. Die Ergebnisse zeigen ein graduelles 
bzw. stufenweises Ansteigen des durchschnittlichen Schichtabstands für relative 
Luftfeuchtigkeiten (RH) unter halb von 80%, beziehungsweise in flüssigem Wasser. Diese 
experimentellen Beobachtungen stimmen mit den Röntgen-Beugungs-Ergebnissen an  
vielschichtigem Graphenoxid in der Literatur überein [5, 6]. Die hier gezeigten SFM-Ergebnisse 
lassen jedoch den angenommenen Einlagerungseffekt, d.h. das zufällige Eindringen von Wasser-
Monolagen bei der Hydrierung von GO bei geringer RH, außen vor. Stattdessen wird die 
allmähliche Ausdehnung der kontinuierlichen Einlagerung von Wassermolekülen in den 
einzelnen GO-Schichten zugeschrieben, während die stufenweise Ausdehnung im komplett in 
Wasser getauchten Zustand auf das Eindringen einer ganzen Wassermonolage zurückgeführt 
wird. 

 Graphen kann andererseits verwendet werden, um Raman-Spektren von Molekülen zu 
verstärken [7]. Tatsächlich könnte die Grenzfläche zwischen Graphen und dem Substrat ein 
begrenztes elektrisches Feld aufweisen, das ein weit verbreitetes, auf Ladungstransfer an 
Grenzflächen zurückzuführendes Phänomen darstellt. Über Ladungs-Doping von exfoliiertem 
Graphen auf einem Glimmer-Substrat und dessen Anhängigkeit von der RH wurde bereits 
berichtet [8, 9]. Dieses elektrische Feld an der Grenzfläche kann einen Einfluss auf Moleküle, 
die zwischen Graphen und dem Substrat begrenzt sind, haben. Der Effekt von elektrischen 
Feldern auf Moleküle hat wichtige Implikationen für eine Reihe von Phänomenen, wie die 
Aktivität von Proteinen [10] oder elektrochemische Reaktionen [11]. Dennoch wurde der Effekt 
von begrenzten elektrischen Grenzflächenfeldern zwischen Graphen und Glimmer, auf 
dazwischenliegende Moleküle noch nicht untersucht. 
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 Die vorliegende Arbeit behandelt dieses Thema unter Nutzung von Rhodamin 6G (R6G) 
als Molekül zwischen Graphen und Glimmer, die es begrenzen. Die optische Transparenz von 
Graphen und Mica erlaubt eine in-situ-Untersuchung der Raman-Spektren der begrenzten R6G-
Moleküle. Eine Rot-Verschiebung der R6G-Maxima bei geringer RH wird sowohl auf elektrische 
Felder, die sich auf die Moleküle auswirken, als auch auf mechanische Deformationen der R6G-
Struktur an der Grenzschicht zurückgeführt. Die Stärke des elektrischen Feldes wird anhand des 
Graphen-Raman-Spektrums auf etwa 1 V/nm abgeschätzt. Um die Veränderungen der 
Schwingungsfrequenzen der R6G-Eigenmoden zu erklären, wird neben Molekulardynamik-
simulationen (MD) auch die Dichtefunktionaltheorie (DFT) angewendet. Das ebene Molekül 
Kristallviolett (CV) wird zusätzlich zu R6G als „vibrational probe“ verwendet. 

 

Schlüsselwörter: Graphenoxid, Hydratation, Rasterkraftmikroskopie (SFM), Graphen, Rhodamin 
6G (R6G), Raman-Spektroskopie, Stark-Effekt, Grenzflächen 
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Abstract 

The behavior of molecules confined by graphene or graphene oxide (GO) has proven to 
be an promising area of research owing to the remarkable structural and optical properties of 
these quasi two-dimensional materials [1-3]. This thesis focuses on the hydration behavior of 
GO and the behavior of small molecules confined by graphene.  

GO membranes have been reported to be selectively permeable to water, and capable of 
humidity-dependent gas separation [4]. Nevertheless, GO hydration is poorly understood. 
Moreover, graphene has the potential for complex interactions with small molecules. 
Investigating the behavior of molecules confined between a solid substrate and graphene may 
contribute to a better general understanding of the catalytic activity of molecules at interfaces 
and in confined regions. 

 In this work, scanning force microscopy (SFM) has been employed to investigate the 
hydration of GO. This technique allows to observe the insertion of water between individual 
layers of GO. The results show a gradual and a step-like increase of the average interlayer 
distance for relative humidities (RH) below 80% and in liquid water, respectively. These 
experimental observations are consistent with XRD results on multilayered graphite oxide as 
reported in the literature [5, 6]. However, the SFM results presented here exclude the postulated 
interstratification effect, i.e. random insertion of water monolayers, for hydration of GO at low 
RH. Instead, the gradual expansion is attributed to the continuous incorporation of water 
molecules into single GO layers, while the step-like expansion when completely immersed in 
water, is attributed to the insertion of a full monolayer of water.  

Graphene, on the other hand, can be used to enhance the Raman spectra of molecules [7]. 
In fact, the interface between graphene and its substrate may exhibit a confined electric field, a 
common phenomenon due to charge transfer at interfaces. The charge doping of exfoliated 
graphene on mica substrates, and its dependence on RH, has been reported previously [8, 9]. 
This interfacial electric field can have an effect on molecules confined between graphene and its 
substrate. The effect of electric fields on molecules has important implications in a number of 
phenomena such as the activity of proteins [10] or electrochemical reactions [11]. However, the 
effect of confined interfacial electric fields between graphene and mica on molecules in between 
has not been addressed so far.  

In this work, this subject is addressed using Rhodamine 6G (R6G) as a probe molecule 
confined between graphene and mica. Due to their optical transparencies, graphene and mica 
permit in-situ investigation of the Raman spectra of confined R6G molecules. A red shift of the 
RG6 peaks at low RH is argued to be due to both, electric fields acting on the molecules and 
mechanical deformation of the R6G structure at the interface. The strength of the field is 
estimated from the graphene Raman spectra to be on the order of 1 V/nm. To rationalize the 
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variation of the R6G normal mode vibrational frequencies, both molecular dynamics simulations 
(MD) and density functional theory (DFT) are adopted. The planar molecule crystal violet (CV) 
is utilized as vibrational probes in addition to R6G. 

 

Keywords: Graphene oxide, hydration, scanning force microscopy (SFM), graphene, Rhodamine 
6G (R6G), Raman spectroscopy, vibrational Stark, interface  
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1 Introduction 

Graphene is a two-dimensional (2D) crystal of carbon atoms which exhibits remarkable 
crystal quality and electronic properties [12]. Due to the former, graphene charge carriers are 
able to travel thousands of interatomic distances without being scattered. The charge carriers in 
graphene behave like massless Dirac Fermions i.e. mimic relativistic particles [13, 14]. In 2010, 
the Nobel prize was awarded to Geim and Novoselov for their ground breaking achievements in 
the field of graphene [15]. They produced graphene by mechanical exfoliation of graphite. 
However, for the large scale production of graphene-based materials, the reduction of graphene 
oxide (GO) is suggested to be promising [16, 17].  

 GO is strongly oxidized graphene with a complex and non-stoichiometric structure due 
to the presence of various oxygen containing functional groups which makes this material 
hydrophilic [18], in contrast to graphene which is hydrophobic. Although GO was primarily 
known as the main precursor for the graphene production, it has been found out that GO 
possesses interesting structural and optical properties by itself [2, 4]. 

The behavior of molecules confined by graphene or GO has proven to be an interesting 
area of research.  GO membranes have remarkable, though poorly understood, barrier properties. 
This motivates an interest in the behavior of water confined by GO. Meanwhile, the electronic 
and optical properties of graphene make it an interesting choice for fundamental studies of 
confined molecules. Because graphene is transparent to visible light, molecules confined by 
graphene can still be probed using optical techniques. The susceptibility of graphene to charge 
doping could be useful for studying the behavior of molecules confined in electric fields. 
However, the possibility of more complex interactions between graphene and small molecules 
means that the results must be interpreted with care and should be compared to simulations. 

GO membranes are known to have extraordinary permeation properties for gases [19, 
20], liquids and vapors [4]. Besides, when one stacks several layers of GO and makes so called 
GO paper, compared to the graphene paper prepared with the same procedure, GO paper is more 
flexible and shows higher mechanical strength (Figure 1.1) [4, 21]. The GO paper, then, can be 
employed as a membrane. In research, done by the Geim group, a container was partially filled 
with a liquid and its aperture was sealed with a GO membrane. Then the whole setup was placed 
on a balance in a glovebox (Figure 1.2) and the weight loss during the time was recorded. The 
rate at which the container lost weight indicated how fast the vapor permeation occurred 
through the membrane. For ethanol and hexane, no weight loss was reported. This means that 
GO is impermeable to these solvents. However, in the case of water, the rate of loss was as high 
as if there was no barrier at all. To explain this phenomenon, it was suggested that water 
hydrates GO layers in the membrane which results in the increase of interlayer distance and 
consequently provides transport channels [4].  
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                 a) flexible GO paper b) brittle graphene paper c) SEM image of GO paper (adapted 
from [4, 21]). 

 

The hydration of graphite oxide has been studied using X-ray diffraction (XRD) [5, 6, 
22] and neutron time of flight scattering [5]. The diffraction results show that at relative 
humidity (RH) below 80%, the graphite oxide lattice gradually expands, while a step-like 
expansion takes place in liquid water (Figure 1.3) [5, 6, 23]. In the regime of the gradual 
expansion, the interlayer distance of the hydrated graphite oxide is increased by 1 Å. However, 
the thickness of a water monolayer is around 2.2 Å to 3 Å [24]. Despite substantial 
investigations, there is no deeper microscopic insight into the hydration process [5, 6, 25-27].    

Clay minerals show the same gradual expansion of the lattice upon water insertion and 
osmotic swelling [28, 29]. The increase of the interlayer spacing in clay minerals is attributed to 
the insertion of distinct numbers of water monolayers into the clay structure. The random 
stacking of the monolayers results in only one (001) reflection, monotonously shifting upon 
hydration in XRD results [30, 31]. Due to the similarity between swelling of graphite oxide and 
clay minerals, the gradual increase of the interlayer distance was previously assigned to the 
interstratification, which is referred to the random insertion of water monolayers within a 
multilayer sample, resulting in a distinct hydration state. However, interstratification was never 
experimentally confirmed for GO membranes.  

   

 

c 

Figure 1.1  
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                  a) Schematics of the experimental setup for permeation measurements by the 
gravimetric method b)  helium and hydrogen permeation studied by mass spectrometry (adapted 
from [4]). 

                 Degree of hydration interpreted as the interlayer distance in GO layers as a function 
of relative humidity. The results show a gradual increase in the interlayer distance at RH below 
80% and a step-like increase in RH higher than 80%. a) XRD results from various research groups 
adapted from [6] b) XRD results as well as data collected through neutron time-of-flight 
scattering adapted from [5]. Both methods show the same behavior for the expansion of the 
interlayer spacing as a function of relative humidity. However, there is a deviation between the 
absolute values of the two methods, which has been attributed to the difference of the measured 
physical entities in each method. 

 

a) b) 

Figure 1.2  

a) b
) 

Figure 1.3  
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The diffraction measurements were performed in bulk. Therefore, in this work, scanning 
force microscopy (SFM) is employed to evaluate the interlayer distance of two adjacent GO 
layers deposited on mica surface i.e. GO bilayer, upon hydration. Mica is chosen since it is 
atomically flat. Furthermore, a clean surface can be easily prepared through its mechanical 
cleavage. The interlayer distance is then defined as a step height between these two GO layers. 
The SFM experiments are performed under controlled humidity nitrogen atmosphere. Through 
this experimental design, the effects related to the interstratification are excluded and one can 
directly observe the process of gradual expansion. To my knowledge, the SFM studies on GO 
which were carried out so far, were merely under fixed humidity at unspecified ambient 
atmosphere [32, 33].  

In contrast to graphene oxide, graphene is hydrophobic, and so does not exhibit 
significant water intercalation between its sheets. However, it has been previously shown that 
water intercalation occurs within the gap between a graphene sheet and a mica substrate at 
ambient condition [34]. The geometry of the graphene on mica is referred to as a slit pore. The 
graphene-mica slit pore is considered as a soft slit pore, since the graphene sheet replicates the 
topography beneath [35]. There are reports in the literature, using Raman spectroscopy to argue 
that intercalation of water molecules into the graphene-mica slit pore influences the state of the 
charge, i.e. doping, in the graphene sheet, due to the charge transfer between graphene and the 
mica surface [8, 9]. This makes the graphene-mica slit pore an interesting system to investigate 
the interfacial charge transfer and its effect on the molecules, which are confined within. 

   The charge separation across an interface inevitably results in an electric field confined 
to the interface. The presence of an electric field  is known to change the rate of reactions by an 
order of magnitude, therefore, oriented external electric fields (OEEFs) are suggested as future 
smart reagents in chemistry [36]. They can catalyse and control reactions such as enzymatic 
cycles, acting as a smart catalyst. However, to my knowledge the exposure of molecules to the 
interfacial field created by the graphene-mica slit pore has not been investigated yet.  

This work makes use of the vibrational Stark effect to investigate the behaviour of small 
molecules in the graphene-mica slit pore. The vibrational Stark shift is a sensitive tool to measure 
electric fields acting on molecules [37]. Electric fields cause structural changes in the molecules, 
e.g. changes in atomic bond lengths which consequently can cause either softening or stiffening 
of vibrational frequencies, depending on the orientation of the molecule relative to the field [38]. 
In molecular biology, vibrational Stark shift of polar groups such as C=O elucidates the strong 
correlation between enzyme catalytic activity and electric field strength exerted by its active site 
[10, 39]. The vibrational Stark effect is also used to measure changes that can influence 
electrochemical reactions. This is accomplished using small molecules with C≡N groups as 
vibrational probes applied at the interface of a gold/silver electrode and electrolyte, to investigate 
the effect of applied electrode potential and solvent on the local electric field. This local field is 
formed within the Helmholtz layer, which consequently influences the electrochemical reaction 
[11, 40].  

 In this work, the vibrational Stark effect at a graphene-mica slit pore is investigated 
utilizing Raman spectroscopy at low RH (dry) and high RH (wet). Experimentally, it is rather 
challenging to access vibrational frequencies of molecules confined between non-transparent 
materials. Both graphene and mica are transparent materials allowing to optically access 
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molecules confined at the interface. Furthermore, Raman spectroscopy allows one to monitor 
the graphene charge carrier density, which provides a measure of interfacial field strength, since 
Raman features of graphene alter upon doping  [8, 9, 41]. In addition, graphene can enhance the 
Raman signal of the molecule in its close vicinity and results in a so called GERS (graphene 
enhanced Raman spectroscopy) effect [7, 42]. Rhodamine 6G (R6G) which is a non-planar dye 
molecule is utilized as a vibrational probe confined within the graphene-mica slit pore. R6G is a 
common and well-studied dye molecule in the Raman investigations both experimentally and 
theoretically [7, 43-45]. In addition to R6G, crystal violet (CV), a planar dye molecule, is used to 
investigate whether the molecular structure of the probe plays a role in the results.    

 To rationalize the effect of confinement on the dry and wet R6G-filled graphene-mica 
slit pore, classical molecular dynamic simulations (MD) are performed in cooperation with Dr. 
Jose D. Cojal Gonzales. Additionally, quantum mechanical calculations within the frame of 
density functional theory (DFT) are employed, in cooperation with Prof. Caterina Cocchi’s 
group, to substantiate the effect of electric field on the R6G Raman active vibrations. The results 
contribute to a general understanding of the catalytic activity of molecules at interfaces and in 
confined regions. 
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Figure 2.1  

2 Materials 

 

2.1 Mica 
 

Cleaved Muscovite mica provides an atomically flat and transparent substrate which is 
commonly used for SFM measurements. Mica is a naturally occurring layered crystalline 
mineral, mostly consisting of aluminosilicate layers with negative surface charges, kept together 
by interlayers of potassium cations (Figure 2.1). Cleavage of mica propagates along the 
potassium layers with presumably about half of the K+ remaining on either surfaces; the exact 
distribution of the ions is unknown [46]. Mica can be easily cleaved into thinner lamina (sheets) 
with clean and scratch-free surfaces. As a result, there is no substrate-cleaning procedure 
required. Its atomic flatness, easy cleavage procedure to produce clean transparent surfaces, and 
its low price are the reasons that mica is used here as a substrate. Muscovite mica (V optical 
quality) was purchased from Ratan Mica Exports Pvt. Ltd.     

Due to the presence of oxygen in its structure, mica has a hydrophilic surface. Under 
ambient conditions, the mica surface is known to be covered with a heterogeneous water film 
i.e. islands of water molecules with a height, depending on relative humidity (RH) [47, 48]. Once 
cleaved in ambient, it is challenging to remove the water from its surface. 

Due to its non-cubic crystal structure, mica is optically anisotropic, i.e. mica is 
birefringent. Therefore, the refractive index of mica depends on the direction of the light 
propagation and its polarization.    

 

                  Left) Macroscopic appearance of Muscovite mica, a clay mineral which can be easily 
cleaved [49]. Right) Side view of the chemical structure of mica crystal. The grey spheres 
represent the vacant positions of the potassium ions, which are removed due to the cleavage 
from each side (adapted from [50]).  
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Figure 2.2  

2.2 Graphene 
 

 Graphene was the first truly 2D crystal which has been observed in nature. Strictly 
speaking, the term graphene refers to a quasi-two-dimensional isolated monolayer of carbon 
atoms [14]. It is the one-atom-thick allotrope of carbon with sp2 hybridized atoms covalently 
bonded in hexagons and form a honeycomb lattice. The sp2 hybridized orbitals are originating 
from the quantum mechanical superposition of the electrons in the 2s, 2px and 2py carbon 
orbitals. This results in the formation of three strong in-plane σ bonds with 615 kJ/mole bonding 
energy (due to 2s, 2px and 2py) and one out of plane, much weaker π bond (due to the un-
hybridized 2pz). Graphite is a stack of graphene layers held together by van der Waals 
interactions. These weak interplane interactions allow the fabrication of the single layer 
graphene from graphite by mechanical exfoliation. This method, which consists of peeling a 
layer from graphite using adhesive tape, has been elaborated mainly by the Manchester group 
[15].  

 In this study, graphene was mechanically exfoliated from a piece of highly ordered 
pyrolytic graphite known as HOPG (Momentive Performance (ZYA grade)) on top of the 
substrate. However, it has been reported that the adhesive tape method is not contamination free  
[51] and suggested a tape free procedure (Figure 2.2). This sample preparation results typically 
in substantially larger amounts of single layer graphene flakes remaining on the surface as 
compared to the adhesive tape aided method. 

 

 

 

 

 

 

 

                  Tape-free mechanical exfoliation of graphene. First, a piece of HOPG is freshly 
cleaved. Afterwards, thin graphite flakes are peeled off and then gently pressed onto a freshly 
cleaved mica surface, with that face on mica, which previously faced the HOPG sample. Peeling 
and manipulation of flakes are performed with a pair of tweezers. Thereafter, the tweezers are 
used to carefully remove loose HOPG flakes from the mica surface (adapted from the published 
audio slides of [51]). 
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Figure 2.3 

2.3 Graphene oxide (GO) 
 

 

 

Graphite powder can be oxidized applying highly concentrated acids and oxidizing agents 
[52-54]. The resulting product of this reaction is a non-stoichiometric material called graphite 
oxide. Graphite oxide consists of buckled carbon sheets covalently decorated with several 
oxygen-containing functional groups [55]. Due to the presence of these functional groups, 
graphite oxide is a hydrophilic material in contrast to graphite, which is more hydrophobic. 
Oxidation results in increase of the interlayer spacing of the sheets in the graphite oxide and 
reduces the interlayer interaction between the adjacent sheets [56]. Consequently, graphite 
oxide can be exfoliated and dispersed in aqueous solution with the aid of sonication and forms 
a stable suspension (Figure 2.3 L) of mainly single layers dispersed in water [57]. These single 
oxide layers are called graphene oxide (GO) which can be produced due to this unique property 
of graphite oxide i.e. being able to be dispersed in the aqueous solution [58-60].  

The precise atomic structure of GO is still unclear and under debate. The reason is that 
each layer in graphite is oxidized differently and consequently has a different chemical 
composition from the others. In addition, it has been shown that the chemical structure and 
properties of the GO sheets depend on the oxidation method, i.e. the GO synthesis [61]. The 
protocol proposed by Hummers [52] (HGO) and Brodie [53] (BGO) are two common procedures 
to produce GO, which results in products with different carbon to oxygen ratios. The structural 
difference between HGO and BGO was revealed using techniques such as XRD, FT-IR and 
Raman spectroscopy [61]. 

 The oxygen-containing groups are either on the basal plane or on the edges. Therefore, 
GO is a mixture of sp2- and sp3- hybridized carbons corresponding to unoxidized benzene rings 
and aliphatic six-membered rings, respectively. Applying NMR spectroscopy, He et al. reported 
that the main functional groups in GO sheets are hydroxyl and epoxy [62]. Other investigations 
suggest the presence of carbonyl, carboxyl and more recently five- and six-membered-ring 
lactols along the sheet edges [26, 63, 64]. Figure 2.3 R depicts one of the recent proposed models 
of GO structure.  

 

 

 

 

 

 

 

                 Left) Stable aqueous suspension of GO after sonication (adapted from [65]). Right) the 
recent suggested structural model of graphene oxide based on NMR studies (adapted from [26]).
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Figure 2.4 

 

Here, for the investigation on the hydration of the graphene oxide, aqueous solutions of 
both BGO and HGO were used. The commercial HGO was purchased from ACS Material with 
a carbon to oxygen ratio of 2.47. The BGO was synthesized by the group of Tamas Szabo from 
Hungary. They prepared GO following Brodie’s protocol [22, 53] from natural flaky graphite 
(99.98 wt.% C; Graphitwerk Kropfmühl AG, Germany), which results in a carbon to oxygen ratio 
of 2.63 according to the elemental analysis [61]. 

 

 

 

2.4 Rhodamine 6G (R6G) 
 

Rhodamine 6G is an organic cationic dye typically used as a probe in surface enhanced 
Raman spectroscopy [66-68]. R6G is composed of a xanthene and a phenyl ring. In the crystal 
structure, the angle between the xanthene plane and the phenyl-ring plane is 62°. The phenyl 
group and the ethyl groups, connected to the nitrogen atoms, point in opposite directions. (Figure 
2.4).     

 

   

                 Left) Chemical structure of R6G with chlorine as counter ion Right) 3D molecular 
structure of R6G in a crystal, suggested on the basis of the experimental data (adapted from 
[43]). The lengths added to the molecule are determined after the energy minimization of the 
structure, applying molecular mechanics by “material studio” software. 

 

Due to its structure, R6G strongly absorbs and emits in the visible range of 
electromagnetic waves (Figure 2.5 L). The maximum of absorption and emission occurs at 
527 nm and 545 nm, respectively. The vibronic shoulder at around 496 nm is attributed to the 

6.76 Å 

9.48 Å 
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R6G monomer, which can overlap with the absorption peak of the non-fluorescent H-aggregates 
[69, 70]. Rhodamine 6G has a high quantum yield, about 95 % at room temperature [71], which 
makes this dye highly fluorescent. R6G was purchased from Sigma-Aldrich and used without 
any further purification. The dye was used either as an aqueous solution for spin casting or as 
powder for thermal evaporation to be deposited on the substrate (Figure 2.5 R). For the 
preparation of the solutions, deionized water was used.    
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Figure 2.5 Left) Absorption and emission spectra of an aqueous solution of R6G. The spectra are 
normalized to their maximum intensity after background correction Right) 0.16 mM aqueous 
solution of R6G.    
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2.5 Crystal violet (CV) 
  

 Crystal violet is an organic cationic dye, which has a planar structure (Figure 2.6 L). It 
belongs to the triphenylmethane family. The absorption and emission spectra of the dye depends 
on the acidity of the solution, which is due to the different charge states of the dye molecule 
[72]. At neutral pH, the color of CV solution is blue-violet, corresponding to the protonation of 
only one nitrogen atom. By increasing the acidity, the solution becomes green, due the additional 
protonation of the second nitrogen atom. In highly concentrated acid, all nitrogen atoms are 
positively charged and the solution turns yellow. Due to the antibacterial and antifungal 
properties, CV has medical applications [73].  

CV was purchased from Sigma-Aldrich and used without any further purification. For the 
sample preparation, its aqueous solution in deionized water was used. 
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Figure 2.6 Left) Chemical structure of CV with chlorine as counter ion Right) Absorption 
spectrum of the aqueous solution of CV. 



 
 

Materials 
 

12 
 

2.6 Sample preparation 
 

2.6.1 Deposition of GO on mica 
 

Bilayers of GO were prepared to investigate the hydration effect. Samples were prepared 
by spin casting the sonicated GO aqueous suspension on freshly cleaved mica. The process of 
spin casting was repeated three times for each sample to ensure the deposition of second layers 
of GO on top of the first ones. Samples were prepared using either BGO or HGO and were later 
examined using scanning force microscopy (SFM).  

 

 

2.6.2 Preparation of the R6G- and CV-filled graphene-mica slit pore 
 

To prepare samples for the Raman investigation, a mica piece was cleaved from both 
sides and 0.16 mM aqueous solution of R6G was spin casted on top at ambient condition. For 
spin casting, about 20 µL of solution on a 2cm × 2cm piece of mica was deposited and, after 
waiting for 5 s, was spun off with 27 rpm for 15 s. Then, the R6G covered mica was transferred 
to the glovebox after passing through a vacuum chamber. In the glovebox, under about 20 ppm 
water and 300 ppm oxygen atmosphere, graphene was mechanically exfoliated on top of the 
R6G covered mica as has been described previously (Figure 2.2).        

The CV-filled graphene-mica samples were prepared with the same procedure as R6G. 
The concentration of the applied CV aqueous solution was 0.16 mM. 

 

 

2.6.3 Evaporation of R6G on top of graphene in the glove box 
 

 In order to deposit R6G on top of graphene under water-free nitrogen atmosphere, the 
entire sample preparation was carried out in a glovebox. First, graphene was exfoliated on 
freshly cleaved mica in the glovebox (Figure 2.2). Prior to the dye deposition, single layer 
graphene was detected using an optical microscope in the glovebox. Then, with the aid of a 
home-made setup, R6G molecules were thermally evaporated on top of exfoliated graphene in 
the glove box (Figure 2.7). To achieve this, the R6G powder was placed into a boron nitride 
crucible within an aluminum box. During the evaporation, the box was closed to prevent the 
contamination of the glovebox. The crucible was heated up by applying a voltage, using a power 
supply, which was connected via copper wires fed through a tightly sealed plug to the platinum 
wire, which was wound around the crucible.   
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The voltage and the current for deposition was chosen to be 1.3 V and 5.7 A, respectively, which 
was applied for 65 s. The crucible was allowed to passively cool for 10 minutes before the box 
was opened to ensure that the evaporation process had stopped. The trials show that below the 
mentioned current and voltage, R6G does not evaporate no matter what deposition time is 
chosen. The thermal deposition of R6G on the substrate was inhomogeneous for all the trials 
independent of the applied voltage and the deposition time.   

 

 

  

a) b) 

Figure 2.7 a) Home-made setup used for thermal evaporation of R6G in the glovebox. The 
aluminum box was closed during the evaporation. The diameter of the deposition area was 3 
cm b) an example of a mica sample after graphene exfoliation and thermal deposition of R6G. 
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3 Methods 

 

3.1 Scanning force microscopy (SFM) 
 

Scanning force microscopy, often called atomic force microscopy (AFM), is a 
characterization technique which provides information about the surface features down to the 
nanoscale [74]. It was developed in 1986 by Binnig and coworkers for the surface 
characterization of  both nonconductive and conductive samples [75].  

SFM is a microscopy technique, where the image is not formed by focusing light or an 
electron beam, unlike light and electron microscopies. SFM provides a 3D image, in other words 
a map of heights, based on scanning a probe over the surface, i.e. touching the surface with a 
probe. It belongs to the family of the scanning probe microscopes (SPM). The probe is a 
cantilever with a length of around 100 μm and a sharp tip at the end. The lateral resolution of 
the topography images is determined by the radius of the tip apex which is usually in the range 
of a few nanometers.  

The height detection is achieved by measuring the force between the tip apex and the 
surface. According to the Lenard-Jones potential, the interatomic forces are distance dependent. 
Therefore, the change in the force between the tip and surface can be interpreted as the change 
in the height. The typical forces between the sample and probe are in the range of 10-11 to  
10-6 N. In order to detect these small forces, the concept of optical lever is applied i.e. a laser 
beam is positioned on the back of the cantilever which then is reflected on a segmented 
photodetector.  Due to the relatively long reflection path, the minute motion of the cantilever is 
magnified and creates a large movement on the photodiode array.  

SFM can be performed in several modes: contact, non-contact and intermittent contact, 
which is also known as tapping.  Contact mode is performed in the repulsive force regime (Pauli 
repulsion) and the non-contact in the attractive force regime (Van der Waals forces), which is 
determined by the tip-sample distance. Tapping, which is the most commonly applied mode, is 
between these two. In this mode, the cantilever is excited to oscillate at its resonance frequency 
by a small piezo mounted in the SFM tip holder. The tip lightly touches the surface at the lowest 
point of its oscillation while the drive amplitude is kept constant. The oscillation changes due to 
the probe-sample interaction, which leads to damping and consequently reduction of both 
frequency and amplitude. These changes are monitored by the force transducer, i.e. the optical 
lever, and sent to the feedback controller. There, the signal is compared with the set points and 
an error signal drives the Z piezo to maintain the oscillation amplitude by adjusting the height. 
This vertical adjustment of the piezo scanner is read as height values.     

The error signal can not only be the amplitude of the oscillation but also its phase. Often 
there is a phase difference between the drive frequency of the probe oscillation and the measured 
oscillation frequency. This phase shift can be saved as an image. Since the phase shift is strongly 
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affected by tip-sample interactions, it can be used to extract information on properties such as 
composition, adhesion, friction and viscoelasticity of the sample.  

In this work, scanning force microscopes (Digital Instruments, Nanoscopes IIIa and IV) 
were operated with a J-scanner in tapping mode at a typical scan rate of 4 min per image. Silicon 
cantilevers are used with typical resonance frequencies of 300 kHz and spring constants of  
42 N/m. The tips exhibit a typical apex radius of 7 nm, with an upper limit of 10 nm, as specified 
by the manufacturer (Olympus Corp.). The SFM images are processed and analyzed with SPIP 
(Image Metrology A/S) image processing software. A first- or second-order line subtraction and 
manual plane tilt are applied to SFM height images to compensate for drifts, image bow, and 
sample inclinations. 
 

 

 

3.1.1 Humidity-controlled SFM 
 

In order to control the humidity for the hydration studies in the SFM lab, the SFM setup 
was placed inside a glass bell jar. At the bottom of the jar, there is a pipe inlet for dry nitrogen 
to control the SFM atmosphere. The humidity was raised by passing the dry nitrogen through 
deionized water (Figure 3.1a). To study the hydration of graphene oxide bilayers at 100% relative 
humidity, the SFM imaging was done in water using a SFM liquid cell. In this cell, the water is 
injected using an injection channel and contained by a rubber O-ring. The injected water 
remains in the scanning area and imaging in water or other liquid media is enabled (Figure 3.1b). 

For the R6G samples confined between mica and graphene, which are prepared under 
dry atmosphere of the glovebox, the humidity controlled SFM measurements are directly carried 
out in the glovebox. However, in order to prevent the contamination of the glovebox, the SFM 
instrument is sealed inside an extra home-made box. Only this inner box is purged with wet 
nitrogen. The inlet and outlet pipes for the box containing the SFM setup are connected outside 
of the glovebox.  

 

 

 

 

 

 

 

 

 

 

  



 
 

Methods 
 

16 
 

   

 

 

 

3.1.2 Image processing  
 

In order to extract the height information out of the SFM topography images, the SFM 
images have to be image processed to remove artifacts. The artifacts due to influences such as 
non-linear piezo movement, drift and thermal drift influence the height results. A very common 
process to remove these artifacts is flattening. In line flattening, each horizontal line of the 
measured topography is fitted by a polynomial, typically a first order polynomial. Then, the 
result of the fitting is subtracted from the measurement to remove the background. For plane 
flattening, a plane is fit to all of the points in the image, excluding points due to features, and 
this plane is subtracted from the image. Since the flattening changes the measured topography, 
it is of particular importance to do it correctly and follow the same procedure for all images, in 
order to make the values comparable to each other. The images are processed and analyzed with 
SPIP (Image Metrology A/S) image processing software.  

For the investigation on the hydration of the bilayer graphene oxide, exactly the same 
flattening procedure is carried out for all the topography images prior to extract height 
histograms. This is very crucial to ensure that the flattening does not influence the final results.   

 

 

 

a) 

b) 

Figure 3.1 a) Humidity-controlled SFM setup for the measurements in the atmosphere. b) the tip 
holder for the SFM imaging in the liquid with Nanoscopes. 
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3.1.3 Calibration fidelity at various relative humidities 
 

 Since sample topography at various relative humidities (RH) and under water is 
investigated in this research, it is of great importance to verify that the piezo calibration is 
independent of the RH. For this reason, a standard calibration grid (Platinum Coated Calibration 
Grid 1 mm x 1 mm period, 100 nm pitch depth, Digital Instruments Veeco Metrology Group) 
was imaged under nitrogen atmosphere at different RH (Figure 3.2). The step height is analyzed 
using the image processing software SPIP to determine the height histograms, which then are 
fitted with Gaussian functions. The height histogram of the calibration grid has two peaks, one 
for the height value of the surface, and one for the height value of the bottom of the rectangular 
wells. The difference between these two fitted peaks provides the step height. As one can observe 
in Figure 3.2, the step height does not show any significant dependence on RH. The data are 
scattered less than 1% of the value expected for the step height and the average value is used to 
calibrate the piezo.    
 
 
 
 

                  Step height of a calibration grid in nm estimated from SFM images taken under 
variable RH indicated on the X-axis [76]. 
 
 
  

  

Figure 3.2  
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3.2 Back reflection microscopy 
 

  Optical detection of graphene on top of different substrates is attractive, since it is fast 
and non-destructive [77]. Here, I applied back reflection microscopy to detect single layer 
graphene on a transparent substrate, mica. In this method, the light reflected by graphene is 
collected through the substrate using a cross polarizer to increase the contrast. The contrast is 
expected to be around 10% [78], though it varies slightly from sample to sample. Since mica is a 
birefringent material, the samples are rotated around the optical axis to achieve the highest 
brightness. The detection process is carried out at room temperature.  

In the samples where there is a nanometer thick layer of R6G between graphene and 
mica substrate, the reflection contrast of single layer graphene remained unchanged. This is in 
agreement with the theoretical predictions [78].    

 

 

3.3 Raman spectroscopy 
 

Raman spectroscopy is a noninvasive characterization technique based on Raman 
scattering from the materials, providing a chemical fingerprint of them. Raman scattering refers 
to inelastic scattering of light, usually in the visible range of the electromagnetic waves [79]. 
Either the energy of the scattered photon is lower (Stokes Raman scattering) or it is higher (anti-
Stokes Raman scattering) than the incident photon. In the former, the difference in the energy 
excites the molecules from the ground state to an excited vibrational state. In the latter, the 
molecule in the excited vibrational state is relaxed to the ground state. At room temperature, the 
population of the molecules in ground vibrational states is much greater than that in the excited 
vibrational states, according to the Boltzmann distribution. Therefore, there is a higher 
probability that the incident photon loses energy. Consequently, the intensity of the Stokes 
Raman is much higher than the anti-Stokes at room temperature. In Raman spectrometers, the 
shift in the energy of the scattered light with respect to the energy of the incident monochromatic 
light is measured and reported as a Raman shift (cm-1).  

Raman scattering can be described by both classical and quantum mechanical 
approaches. In the classical theory [80], the Raman effect is based on the change of the molecular 
polarizability (α), in other words, how easily the electron cloud of the molecule can be distorted 

by the electric field (�⃗� ) of the incident light, 

𝑃 = 𝛼�⃗�  

Eq.  3.1 

 

𝑃 is the induced electric dipole moment which results in the deformation of the molecule. Raman 
scattering occurs only for transitions between vibrational states, which causes a change in the 
polarizability of the electron cloud. In the quantum mechanical approach, perturbation theory is 
applied to describe the Raman effect.  



 
 

Methods 19 
 

  Here, Raman spectroscopy was used both to verify that the graphene identified by optical 
microscopy is a single layer graphene, and to detect the vibrational spectra of R6G. The 
measurement was performed using a confocal Raman microscope with back scattering geometry 
(XploRa, HORIBA). Red (638 nm) and green (532 nm) lasers were used as the excitation sources 
with a 1800 line/mm grating. The laser beam was focused and the Raman signal collected by an 
Olympus 100x objective (NA=0.9). The Raman spectrometer was calibrated prior to each 
experiment using benzonitrile (Sigma-Aldrich, Chromasolov 99.9%) and cyclohexane (Sigma-
Aldrich Plus>99.9%) according to ASTME 1840 standard. The Raman bands of Benzonitrile at 
1000.7 ± 1.0 cm-1, 1598.9 ± 0.7 cm-1, 2229.4 ± 0.4 cm-1 and 3072.3 ± 0.4 cm-1 and the bands of 
cyclohexane at 801.3 ± 1.0 cm-1, 2664.4 ± 0.4 cm-1 and 2852.9 ± 0.3 cm-1 are considered as 
reference for graphene G and 2D as well as R6G bands. The Raman signal was collected through 
mica. The optical focus was done manually. Graphene and R6G peaks were fitted with Lorenzian 
functions using OriginPro 2017G (OriginLab Corporation). Prior to the fitting, a linear baseline 
has been fitted and subtracted using the least square method.   

In addition to the benzonitrile and cyclohexane, a mica peak at around 700 cm-1 is used 
as an internal reference to ensure the determined calibration remains unchanged during course 
of performing measurements. Additionally, in some experiments, a Neon lamp is employed to 
check the fidelity of calibration by collecting Neon lamp spectra during the sample measurement.  
It has well-defined and narrow Raman bands which can provide a wavelength calibration 
standard during measurements.  

 

 

3.3.1 Humidity-controlled Raman spectroscopy 
 

Since the effect of humidity on the Raman spectra of the sample is of interest for this 
work, after preparation in the glovebox, the sample was mounted in a gas-tight setup (Figure 
3.3a). Then, still in the glove box, the setup was placed in a plastic box, which is then sealed 
using Parafilm. Subsequently, the box was transferred to the Raman lab and the setup was 
immediately connected to the dry nitrogen flow after unpacking. First, the Raman data were 
acquired under dry nitrogen atmosphere and then under humid nitrogen (Figure 3.3b). Relative 
humidity (RH) and temperature were measured with a sensor (testo 635 of Testo GmbH). The 
calibration fidelity of the sensor is ± 2.5 % RH in addressed range, as provided by the 
manufacturing company.     

The optical focus was adjusted to maximize the intensity of the graphene G and 2D 
Raman peaks. To obtain spectra from R6G molecules not covered by graphene, the objective 
was first focused onto single layer graphene (SLG) and then moved to the neighboring uncovered 
areas. 
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3.3.2 Background subtraction and Raman peak analysis 
 

The background in the spectral range from 1150 to 1700 cm-1 was fitted with a 
polynomial of the first order using two defined end points and subtracted from the measured 
spectrum (Figure 3.4a). Then, the Raman peaks were fitted with Lorentzian functions (Figure 
3.4b). Peak positions and widths were extracted from the fits. The procedure is the same for the 
spectra of graphene-covered and uncovered areas. The intensity of the Raman peaks is estimated 
using the area of the fit.  

 

 

 

 

 

 

a) 

b) 

Figure 3.3 a) Gas tight experimental setup used to transfer the sample from the glovebox to the 
measurement lab b) Schematic of the humidity controlled Raman spectroscopy of the sample 
using the gas tight cell.   
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Figure 3.4 a) Raman spectrum of uncovered R6G on mica under dry nitrogen atmosphere (black) 
with a fitted linear baseline (red) corresponding to the observed background and b) the R6G 
spectrum after baseline subtraction. The peaks are fitted with Lorentzian functions (red). The 
sum of the fittings (green) follows the contour of the spectrum. 
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Figure 4.1  

4 Fundamentals 

4.1 Electronic properties of graphene 
 

The lattice structure of graphene both in the real space and the reciprocal space is shown 
in Figure 4.1. The lattice basis consists of two atoms, A and B, per unit cell. a1 and a2 are lattice 
unit vectors in the real space and b1 and b2 are unit vectors in the reciprocal space. a is the spacing 
between two neighbouring carbon atoms which is around 1.42 Å [94].  

 

𝑎1 =
 𝑎

2
 (3, √3)   ,   𝑎2 = 

𝑎

2
 (3, −√3) 

𝑏1 = 
2𝜋

3𝑎
 (1, √3)    ,    𝑏2 = 

2𝜋

3𝑎
 (1, −√3) 

 

 

                 Crystal structure of graphene. Left) Honeycomb lattice in real space Right) the first 
Brillouin Zone (BZ) in the reciprocal space. Γ, K, K’ and M are high symmetry points in BZ of 
graphene. K and K’ are directly related to the two sublattices in the real space A and B, 
respectively (adapted from [95]). 

 

In the reciprocal space, all the sites represent wave vectors, which are the Fourier 
transform of a spatial lattice. Each point of the reciprocal lattice corresponds to a specific set of 
lattice planes of the crystal in the real space. The reciprocal space is generally used for presenting 
the band structure. The first Brillouin zone (BZ) consists of a set of the inequivalent points in 
the reciprocal space, like the Bravais lattice in the real space. The BZ for graphene is 
demonstrated in Figure 4.1. Γ, K, K’ and M are high symmetry points in BZ of graphene. It has 
to be emphasized that K and K’ are not equivalent since the unit cell of graphene consists of two 
inequivalent carbon atoms and they are of particular importance for the graphene physics and 



 
 

Fundamentals 23 
 

are called Dirac points. M is the saddle point which produces, a van Hove singularity in the 
density of states (DOS).  

In a graphene sheet, 2pz orbitals of neighbouring carbon atoms overlap with each other, 
which results in delocalized π and π* bands. Most of the electronic properties of graphene can 
be understood through these π bands.  

The electronic band structure of monolayer graphene can be approximated by the tight 
binding model (TBM), which is a one electron model (the π electron in graphene) and neglects 
many body interactions. In TBM, the electron hopping of the electrons taking part in the σ 
orbitals to both the nearest (t) and next-nearest (t’) neighbouring atom is taken into account. 
The energy bands derived from the Hamiltonian have the form [96] 

 

𝐸±(𝑘) = ±𝑡√3 + 𝑓(𝑘) − 𝑡′𝑓(𝑘) 

Eq.  4.1 

 

𝑓(𝑘) = 2 cos(√3𝑘𝑦𝑎) + 4 cos (
√3

2
𝑘𝑦𝑎) cos (

3

2
𝑘𝑥𝑎) 

Eq.  4.2 

 

In Eq.  4.1, the + sign applies to the conduction band (π*) and the – sign to the valence 
band (π). Besides, t’ is the nearest neighbour hopping energy, i.e. between two different 
sublattices and t' is the next nearest (hopping in the same sublattice). Figure 4.2 illustrates the 
electronic dispersion of the graphene hexagonal lattice described by Eq.  4.2. The expansion of 
Eq.  4.2 around the Dirac points as k= K + q, with |q|<<|K| results in the dispersion relation in 
the vicinity of Dirac points [96]: 

 

𝐸±(𝑞) ≈ ±𝜈𝐹|𝑞| + 𝑂[(𝑞/𝐾)2] 

Eq.  4.3 

 

q is the momentum measured relatively to the Dirac points and 𝜈𝐹 = 3
2⁄ 𝑡𝑎 is known as Fermi 

velocity with a value around 1 × 106 𝑚/𝑠 [96]. This is the outstanding property of graphene, 
close to K or K’ points, that shows a linear dispersion i.e. the velocity does not depend on the 
momentum, which is usually the case. This energy dispersion resembles the behaviour of the 
relativistic particles, quantum mechanically described by the massless Dirac equation, i.e. 
carriers show relativistic behaviour. The existence of these massless Dirac quasi particles in 
graphene has been also observed experimentally [97]. The direct consequence of this linearity is 
the vanishing of the density of states close to Dirac points at zero energy, in other words, a 
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vanishing carrier density at Dirac points. Therefore, graphene is referred to as zero-band gap 
semiconductor or semimetal.  

 

                  The band structure of the graphene hexagonal lattice approximated by the TBM 
model in reciprocal space (t = 2.7 eV and t’ = -0.2t). The zoom-in depicts the energy bands close 
to one of the Dirac points, known as Dirac cone (K or K’ point in BZ) [95]. 

 

 

In the case of undoped graphene, the Fermi level is situated precisely at Dirac points 
where the density of states vanishes. However, doping of a graphene sheet through charge 
transfer shifts the Fermi level (Figure 4.3).  

It has to be mentioned that what has been discussed so far is for the case of single layer 
graphene. In fact, the electronic band structure of graphene evolves by increasing the number of 
graphene layers [98]. Only single layer and bilayer graphene are considered as zero bandgap 
semiconductors.  

Due to the relativistic-like charge transport which allows accessing to quantum 
electrodynamics in relatively simple condensed matter experiments, ballistic transport at room 
temperature and scalability to nanometer dimension combined with its chemical and mechanical 
stability, graphene has become a promising candidate for future electronic applications [94]. 

 

                 The band structure of single layer graphene at Dirac point showing n- and p-type 
doping corresponding to electron and hole doping, respectively. EF stands for the Fermi level 
(Adapted from [99]).  

Figure 4.2  

Figure 4.3  
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4.2 Raman spectroscopy of graphene 
 

Raman spectroscopy has played an important role in the investigation of carbon based 
systems since it permits to differentiate between various hybridizations of bonds (sp, sp2 and 
sp3), provides information about disorder [100, 101] and structural characterization of the 
graphitic materials [102]. 

In graphene, Raman spectroscopy not only probes the lattice vibrations but it is also a 
powerful technique to investigate the electronic band structure and its electronic properties 
[103]. The reason is the peculiar dispersion of π electrons in graphene, which results in being 
always in resonance by Raman in the visible range due to its nearly constant absorption within 
this range [104]. Due to being in resonance, one can collect a strong Raman signal from 
graphene despite being one atom thick. Although it is in resonance in the visible range, graphene 
does not produce fluorescence. It is important to know that the electronic structure of graphene 
is uniquely captured in its Raman spectrum. Therefore, changes in the electronic band structure 
can be recognized in the graphene Raman spectrum. For instance, the change in the number of 
layers can be followed by Raman [105]. As a result, Raman can be used as a tool to distinguish 
between single layer, bilayer and multilayer. 

 

      Left) Raman spectrum of (top) pristine graphene (bottom) defected graphene.  
Right) Phonon dispersion of single layer graphene including only in-plane phonon branches 
[106].   

 

In Figure 4.4, one can see the main Raman bands in single layer graphene for both 
pristine and defected. G and 2D are the two most important graphene Raman features present 
both in defect free and defected graphene. D and D’ correspond to two different kinds of defects 
in the graphene sheet. The 2D peak in fact has two times the frequency of the D peak 𝜔2𝐷~ 2𝜔𝐷. 

In a molecular picture, G and D are assigned to the bond stretching of sp2 C-C bond and 
ring breathing mode of aromatic sp2 carbons, respectively. 

In the solid state approach, the G peak originates from a first-order Raman scattering 
process and is due to the doubly degenerate in-plane zone center transverse optical (TO) and 
longitudinal optical (LO) phonon modes at the Γ point [105, 107]. The degeneracy at the Γ point 
is the consequence of the symmetry of the lattice.  

Figure 4.4  
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D and 2D modes originate from the second-order double resonance (DR) process 
involving in-plane TO phonons in the vicinity of the nonequivalent K and K’ points. 2D is the 
result of two phonons from two inelastic processes with opposite momenta (q and -q) and D is 
the result of one phonon from one inelastic process followed by an elastic process [108, 109]. 
This explains why the frequency of 2D is twice that of D. In a perfect crystal, the D mode is  
usually considered as a forbidden transition by the fundamental selection rule (q~ 0), however, 
in the presence of disorder (ex. defect) this transition is allowed [101, 107, 110]. D and 
consequently 2D are dispersive i.e. their frequencies depend on the excitation wavelength, which 
is due to the Kohn-anomaly at K [111]. Kohn anomalies in the phonon dispersion of graphene 
are due to the strong electron-phonon coupling. The anomalies are shown with a sharp kink in 
the phonon dispersion (Figure 4.4 R, red lines). Figure 4.5 provides a schematic for the main 
Raman processes G, D and 2D bands. 

 

 

                  Schematic of main graphene Raman processes including first-order process for G 
band, one-phonon second-order double resonance (DR) process for D band and two-phonon 
second-order DR process for 2D band (adapted from [108]). 

 

The Raman spectrum of graphene can distinguish between single layer and few layer 
graphene [105, 108]. The position, shape and relative intensity of G and 2D depend on the 
number of graphene layers. For instance, the intensity of 2D in single layer graphene is around 
4 times that of G with a visible excitation source and is narrower than for bilayer and few layer 
graphene [101, 108, 112].  

 

  

G D 2D 

Figure 4.5  
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4.2.1 Effect of doping and strain on graphene Raman spectra 
 

Charge doping and strain influence the graphene electronic band structure, which 
consequently alters the graphene Raman spectrum.  

Through charge transfer, one alters the charge carrier concentration in graphene, the so 
called charge doping that affects both, G and 2D graphene Raman peaks. Nevertheless, the G 
peak frequency and its linewidth determined by full width half maximum (FWHM) are 
considered as an indicator for doping [41, 113, 114]. For both electron and hole doping, i.e.  
n- and p-doping, G peak is stiffened and its FWHM decreases (Figure 6a). As it is shown in 
Figure 4.3, doping shifts the Fermi level of graphene; as a result the Kohn anomaly  
(Figure 4.4 L) is non-adiabatically removed from q=0, causing the upshift of the G peak 
frequency. Also, the decrease of G peak FWHM is attributed to the blockage of the phonons’ 
decay channel into recombination of electron-hole pairs as a consequence of Pauli exclusion 
principle, in the case that electron–hole gap becomes higher than the phonon energy. When the 
doping shifts the Fermi-level higher than half of the phonon energy, the reduction of the FWHM 
of G peak saturates.  

The ratio of frequency shift of the 2D versus G peak, 𝛥𝜔2𝐷 𝛥⁄ 𝜔𝐺, due to charge doping 
is linear at low charge density and it becomes non-linear for high charge density. This non-
linearity is more pronounced for electron doping [41]. Besides, the 𝛥𝜔2𝐷 𝛥⁄ 𝜔𝐺 is different for 
electron and hole doping, 0.2 and 0.55, respectively [115].   

When a crystal is stretched or compressed from its equilibrium, strain develops that 
consequently modifies the phonon frequencies of the crystal, since the changes in the lattice 
constant leads to the alteration of the phonon frequencies [116]. Tensile strain typically results 
in mode softening and compressive strain results in mode stiffening [117]. Similar behavior is 
observed for the uniaxially strained graphene (Figure 4.6b and Figure 4.6c) [118]. In addition, 
for increasing strain, the degenerate G mode splits into two peaks, G- and G+ corresponding to 
TO and LO phonons, respectively. Upon uniaxial strain, the 2D mode is broadened or even 
splitted depending on the direction of the strain with respect to the crystallographic axes of 
graphene. In fact, strain can be utilized to tailor the electronic properties of graphene [119, 120].          

Tensile and compressive strains linearly downshift and upshift the 2D with respect to G 
peak, resulting 𝛥𝜔2𝐷 𝛥⁄ 𝜔𝐺 to be about 2.2 for both uniaxial and biaxial strain [121-123]. 

The shift of graphene G and 2D peaks due to charge doping and strain are additive. 
However, the 𝛥𝜔2𝐷 𝛥⁄ 𝜔𝐺 is very different for doping and strain. Therefore, plotting 2D versus 
G peak position is proposed to distinguish between these two effects when they are both present 
in a sample [121]. 
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                  Effect of charge doping and uniaxial strain on graphene Raman spectrum. a) The 
graphene Raman spectra at various doping levels controlled by applied gate voltage (VTG) from 
-2.2 V to +4.0 V. The experimental data points for G and 2D peaks are fitted with Lorentzian 
lines. The red line corresponds to the Dirac point in this experiment (adapted from [41]). b) An 
experimental setup used to apply uniaxial strain to graphene sheet c) Graphene G and 2D peak 
positions as a function of applied uniaxial strain ranging from 0 to 0.8%. The degenerate G peak 
splits into two subbands G- and G+ (adapted from [118]).  

a) b) 

c) 

Figure 4.6  
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4.3 Graphene enhanced Raman spectroscopy (GERS) 
 

Due to its low scattering cross section, Raman scattering is considered as a weak 
phenomenon [80]. There were several attempts to enhance the signal such as resonance Raman 
scattering (RR) and surface-enhanced Raman spectroscopy (SERS). Recently, graphene-
enhanced Raman spectroscopy (GERS) has been reported to increase the Raman signal of 
adsorbed molecules [7].  

SERS is referred to the enhancement of a Raman signal due to the deposition of the 
molecules on a rough metal surface, typically silver (Ag), gold (Au) or copper (Cu). It was first 
observed in 1974 for adsorbed pyridine molecules onto rough silver (Ag) electrodes. The intense 
Raman signal was initially attributed to the increased surface area of rough Ag [124]. However, 
it was later discovered that the observed large intensity is rather due to the enhanced Raman 
signal than the increase in the number of adsorbed molecules. The first group suggested an 
electric field enhancement mechanism whereas the second group proposed the broadening of 
the resonance Raman scattering from molecular electronic states as a result of molecule-metal 
interaction [125, 126]. Currently, there are two widely accepted mechanism for SERS: 
electromagnetic enhancement mechanism (EM) and chemical enhancement mechanism (CM). 

EM is a long range mechanism which focuses on the electromagnetic field enhancement 
as the result of surface plasmons excitation in the metal substrate. Plasmons are the collective 
oscillation of electron gas in conductors which can be excited by electromagnetic radiation. In 
order to excite these quasi-particles by light, surface roughness or curvature is required. The 
plasmon excitation results in the amplification of the both incident and the scattered fields. 
Therefore, the overall enhancement scales as  |𝐸𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡

2 ||𝐸𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑
2 |. Only for low frequency 

modes, small shifts, both fields are in resonance i.e. the field enhancement can be estimated as 
|𝐸4|. When the frequency of the vibrational modes increases, the SERS intensity reduces, since 
the surface plasmon can either be excited by the incident field or by the scattered field not by 
both.  

For the simple case of an spherical particle which is much smaller than the excitation 
wavelength, the induced electric field 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 can be calculated according to [127]: 

 

𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 =
𝜀1(𝜔) − 𝜀2

𝜀1(𝜔) + 2𝜀2
 

Eq.  4.4 

 

𝜀1(𝜔) is the complex frequency-dependent dielectric function of the metal and 𝜀2 is the relative 
permittivity of the ambient. The numerical factor 2 is calculated for a sphere and has another 
value for different structures. Therefore, the required condition for a metallic particle to be in 
resonance is: 

 

𝑅𝑒(𝜀1(𝜔)) = −2𝜀2 

Eq.  4.5 
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Besides, the smaller is the 𝐼𝑚(𝜀1(𝜔)), the sharper and more intense is the resonance, 
since the metal would suffer less from energy dissipation (loss). Silver, gold and copper satisfy 
these conditions and they are mostly used as SERS substrates. In fact, systems possessing free 
charge carriers can show SERS, however under the appropriate conditions [128].  

On the other hand, CM is a short range mechanism which is additionally proposed for 
SERS. The term “first layer effect” is widely used to explain CM in SERS. The enhancement 
factor (EF) is estimated to be only around 10 to 102 compared to 107 for EM, therefore, it is 
difficult to distinguish CM in the presence of EM. The enhancement through CM is attributed 
to either the interaction with the surface, where the electronic state of the adsorbate shifted or 
broadened, or to the chemisorption of the molecules on the surface resulting in the formation of 
the new electronic states which then act as resonance intermediate in Raman scattering. Besides, 
when the Fermi level of the metals lies between the HOMO-LUMO of the molecules, the charge 
transfer from the metal to the molecules and vice versa can occur with half of the energy required 
for the intrinsic intramolecular transition.  

GERS in fact is using flat graphene as a substrate to enhance the Raman signal instead 
of the previously mentioned metals. The calculated GERS EF for phthalocyanine depending on 
Raman modes has been reported to be 2-17 times [7]. Besides, it has been shown that the Raman 
signal gets weaker by increasing the number of the graphene layers. In other words, the 
maximum enhancement occurs for single layer graphene. Since graphene plasmons lie in the 
teraherz region of the electromagnetic spectrum and not in the visible range, where the typically 
applied Raman excitation wavelength belongs, the EM mechanism has been excluded [129]. 
Therefore, the GERS enhancement has been attributed to CM [7, 42]. The range of enhancement 
and the effect of parameters such as molecules-graphene distance [130], Fermi level of graphene 
[131], orientation of the molecules on graphene [132] and the incident wavelength [133] on 
GERS EF have been in agreement with the proposed chemical mechanism. 

 

 

4.4 Vibrational Stark effect (VSE) 
 

The Vibrational Stark effect (VSE) describes the effect of an external electrical field (E) 
on the vibrational spectrum of materials through perturbation of vibrational transitions 
frequencies, due to the presence of an external electric field [134] approximated by a Taylor 
expansion, 

 

ℎ∆𝜈 = −∆𝜇 ∙ 𝐸 − 𝐸 ∙ ∆𝛼 ∙ 𝐸/2 

Eq.  4.6 

 

where ℎ, ∆𝜈, ∆𝜇 and ∆𝛼 are Planck’s constant, the change in transition frequency due to an 
externally applied field 𝐸, changes in dipole moment and changes in polarizability, respectively. 
The VSE can cause either an increase or decrease in vibrational frequencies depending on the 
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orientation of the bond dipole with respect to the applied field [135]. VSE mainly originates from 
the anharmonicity created within molecular bonds due to 𝐸, which results in both mechanical 
and electronical distortions of molecules from its equilibrium [136]. For both Raman- and IR-
active vibrations of a dipolar molecules on the surface, a first-order vibrational Stark effect is 
expected [137, 138]. Since the strength of 𝐸 is in general within the range of 0.1 to 10 MV/cm, 
with respect to ∆𝛼, the quadratic term can be neglected.  

∆𝜇, also known as Stark tuning rate in VSE experiments, quantifies the sensitivity of a 
vibrational frequency to an electric field. Knowing ∆𝜇 of a probe molecule, enables to estimate 
the local electric field in the vicinity of the probe, based on its vibrational frequency shift. This 
has been shown to be useful for investigation of complex biomolecular structures such as 
proteins and enzymes, and non-covalent interactions [37, 38].      

As an example of a polar bond, VSE studies of a stretching mode of C≡N bond results in 
differences of dipole moment, polarizabilities and transition polarizabilities observed both with 
surface enhanced Raman spectroscopy (SERS) and IR absorption spectroscopy [138, 139]. 
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5 Results 

5.1 Hydration of graphene oxide bilayer 
 

The hydration of a graphene oxide (GO) bilayer is investigated using humidity-controlled 
scanning force microscopy (SFM) (section 3.1.1). A bilayer is referred to two adjacent GO layers. 
Since the step height between a single GO layer and mica is not reproducible [140], we determine 
the height of a GO bilayer. The SFM measurement is carried out on the one hand under nitrogen 
atmosphere by increasing relative humidity (RH) up to around 90% and on the other hand in 
water. The same experimental procedure is performed for two differently synthesized GO, 
namely HGO and BGO. Also, the reversibility of the GO bilayer hydration is investigated. The 
results in this chapter are published [76] and the written parts here are following this publication. 

 

5.1.1 Humidity-controlled SFM imaging of GO bilayer (RH < 90%) 
 

Figure 5.1 shows typical SFM topography images of HGO and BGO prepared on mica. 
To investigate the changes of topography, a bilayer is chosen and zoomed into prior to the RH-
dependent measurements. Figure 5.2a displays an example of a high-resolution topography 
image of a HGO bilayer on mica, which is image processed in order to remove the influence of 
drifts and sample inclination. The white dotted line corresponds to the fast scan direction. The 
cross section i.e. height profile along this line is depicted in Figure 5.2b after image processing. 
This procedure includes fitting of the topography of one of the GO planes with a first order 
polynomial along the fast scan direction, where the other GO is manually excluded from the fit. 
Then, a height histogram including both GO layers is computed and is fitted using Gaussian 
functions (Figure 5.2c). The difference between the mean values of this fit is ascribed to the 
height of the upper GO flake. To be precise, the value corresponds to the distance between 
surface of the first and second GO layer. Image processing is crucial for the height analysis to 
ensure the accuracy of the extracted height information. 
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The sample preparation is carried out in ambient condition. Therefore, the starting point 
of the humidity-controlled SFM experiment is ambient humidity, which is then increased in 
humidity steps by purging with wet nitrogen up to around RH 90%. The topography results of 
HGO bilayers for one particular experiment are shown in Figure 5.3a. There is not only the 
height difference between single (I) and double (II) layer HGO flakes provided but also the step 
height between double (II) and triple (III) layer, for comparison. As one can observe, in both 
cases, the step height of the bilayer grows gradually by increasing RH from about 0.73 nm at 
18% RH to more than 0.80 nm above 80% RH. This value corresponds to the interlayer increase 
between both first to second GO layers and second to the third layer.   

After increase of RH to around 90%, the humidity is reduced to 1% by purging dry 
nitrogen, in order to examine the reversibility of the height alteration. The results are illustrated 
in Figure 5.3b as a function of time. As it can be observed, the height of the GO bilayer decreases 
upon drying; however, it does not return back to its initial value within 1 h of drying. This height 
hysteresis is confirmed for two more HGO sample (Figure 5.4a, b).  

 

 

 

 

 

 

 

Figure 5.1 SFM images of spin casted BGO on mica a) height image, the color scale bar is in 
nm b) Corresponding phase image, the color bar is in degree. 
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                  a) SFM height image of mica covered with single (I) and double (II) HGO layers.  
b) Cross sections along the white dotted line in (a) corresponding to the fast scan direction. To 
compensate for thermal drifts and sample inclinations, the slope of single layer GO, that are, the 
gray-shaded parts, was fitted with a first order polynomial and the polynomial was subtracted 
from the whole line. This procedure was repeated for the whole image. c) Histogram of (a) fitted 
with Gaussian functions (green and blue lines). The difference between mean values of the fits 
was assigned to the height of a GO layer (adapted from [76]). 

 

 

The humidity-controlled SFM experiment is repeated for BGO samples as well. The GO 
height dependence on RH is analyzed for two different samples and the results are shown in 
Figure 5.4c and d. Similar to the HGO bilayer, the height of BGO flakes gradually increases upon 
increasing humidity and decreases upon drying, with a remaining hysteresis. However, BGO 
samples show somewhat smaller hysteresis in comparison to HGO. 

 

 

             

 

 

 

Figure 5.2  
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      a) HGO flake heights plotted versus relative humidity (RH) for increase of RH. The 
black squares and red circles show the height differences between single−double (I−II) and 
double−triple (II−III) HGO layers, respectively. b) The flake heights plotted versus time passed 
from the beginning of SFM chamber purging with wet nitrogen. At first, RH was increased from 
ambient 17 to 88% by purging the SFM chamber with wet nitrogen. Then starting from the time 
indicated with the dashed vertical line, RH was decreased to 1% by purging the SFM chamber 
with dry nitrogen (adapted from [76]). 

 

 

In addition to the changes of the height, the influence of hydration on the topography of 
the GO layer is directly followed on the SFM surface topography images to investigate the 
dynamics of water insertion within the bilayer. Zooming onto the HGO double layer exhibits a 
rough and complex surface (Figure 5.5). The typical apparent lateral sizes of the observed surface 
features are on the order of 10 nm. The surface topography of the GO bilayer does not alter with 
time at low RH, around 3-5% (Figure 5.5a, b). Thus, at high humidities, the variation of the flake 
heights is accompanied by substantial topography alterations, where the surface roughness 
increases with humidity (Figure 5.5c).    

 It is difficult to quantify this topography alteration, since the images had to be manually 
corrected for the thermal drifts in order to be compared. Due to these corrections, one cannot 
easily subtract the bilayer heights at low and high humidities to monitor the dynamics of the 
structure alteration. Instead, visual inspection of the SFM images proposes the presence of three 
different types of structures. The first type is the protrusions which persist from low to high RH 
and can be recognized in SFM images in both conditions indicated by white arrows in  
Figure 5.5. The other two types include the areas which exhibit the growth of protrusions due to 
hydration. These newly appearing features have variable heights. The protrusions of the third 
type show increasing heights roughly around 3 Å, indicated by blue circles in Figure 5.5. 3 Å, as 
expected for the water molecules insertion. 

 

Figure 5.3  
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                 Heights of HGO a), b) and BGO c), d) layers for four different samples plotted versus 
time in minutes. The values of RHs are indicated as labels. The images were taken either during 
drying (indicated with RH down arrow) or during increasing of humidity (indicated with RH up 
arrow). The vertical dotted lines indicate switching between purging the SFM chamber with dry 
or wet nitrogen (adapted from [76]). 

 

 

  

Figure 5.4  
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                 a−c) SFM height images of the same area on top of a double layer HGO flake imaged 
under (a) 3, (b) 5, and (c) 65% RH. The images have the same color scale of 4 Å from black to 
white. The images in (b, c) were manually squeezed and sheared to compensate the lateral 
thermal drift in order to align with (a). The white arrows indicate distinctive spots, that is, 
protrusions persisting from low to high humidities, used to align the images. The blue and yellow 
circles exemplify protrusions in (c), which do not exist in (a) and (b), and which are higher and 
lower than 3 Å, respectively. d) Height histograms of (a−c) and the same area imaged under 60% 
RH (image not shown). The solid red and blue lines are the Gaussian fits to 5 and 65% RH 
histograms with the FWHMs of 1.3 and 1.8 Å, respectively. The histograms were normalized to 
have the same maximum [76]. 

  

Figure 5.5  
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5.1.2 SFM imaging of GO bilayer in water  
 

The humidity-controlled SFM setup does not allow controlled measurements at 
humidities in excess of 90% RH. Consequently, the SFM measurement on the bilayer hydration 
is directly performed in liquid water i.e. 100% RH with the aid of a fluid cell (Figure 3.1b) for 
both types of graphene oxide, HGO and BGO (Figure 5.6). 

 

 

                 a) and c) are SFM height image of BGO and HGO in water, respectively. b) and d) 
depict Histogram of the marked area within (a) and (c) which are fitted by Gaussian function. 
The marked areas were flattened according to the algorithm provided in the paper [76]. 

 

 

 

Figure 5.6  
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Imaging of GO flakes on mica in water is experimentally challenging and could be 
executed only for a few minutes, since after a few minutes from starting the measurement, it 
becomes unstable. This can probably be attributed to the detaching of the GO flakes from the 
mica surface in water.   

 Nonetheless, it is possible to analyze the heights of the GO bilayers imaged in water. 
Using the histogram of the marked areas in the SFM topographies in Figure 5.6, the step height 
is evaluated to be 1.15 ± 0.03 nm and 1.25 ± 0.06 nm for HGO and BGO, respectively. The errors 
are standard deviations. The height values in water for both HGO and BGO are substantially 
higher than the height values measured in high humidity. 

 

 

 

5.2 Dye-filled graphene-mica slit pore 
 

 

The effect of water intercalation has also been investigated for an initially dry graphene-
mica slit pore filled with rhodamine 6G (R6G) by Raman spectra of the R6G. For comparison, 
the spectral changes of R6G on mica without graphene and R6G deposited on top of an unfilled 
slit pore are inspected. The change in the surface topography due to the water introduction is 
additionally examined using scanning force microscopy (SFM). 

  In addition to R6G, the planar molecule crystal violet (CV) is also used to fill the slit pore 
to investigate the effect of water intercalation on the Raman spectra of dye molecules with 
different geometries. 

The sample preparation and technical details of the experiments are described in  
section 3.1 and section 3.3. 

 

 

  



 
 

Results 
 

40 
 

5.2.1 Raman spectrum of mica 
 

Figure 5.7a displays a Raman spectrum of muscovite mica at ambient condition. The 
spectrum exhibits bands at wavenumbers below 1200 cm-1. The observed Raman peak positions 
and the relative intensities are consistent with the spectra reported in the literature [141]. The 
surrounding atmosphere as well as the relative humidity does not affect the position of the mica 
peaks, indicating that as expected there is no effect on the atomic structure of mica (Figure 5.7). 

 

 

 

 

 

 

 

 

Figure 5.7 a) Raman spectrum taken from freshly cleaved bare muscovite mica at ambient 
condition. The band at 1115 cm-1 is the highest frequency Raman mode of mica. No other mode 
is detected above this wavenumber. Within the shown spectral region, the strongest mica peak 
is located at 702 cm-1 b) mica Raman spectra acquired under dry (red) and wet (blue) nitrogen 
atmosphere. Spectra recorded with 638 nm excitation, 2.7 mW laser power and 10 sec acquisition 
time. 
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5.2.2 Raman spectra of the slit pore without dye molecules 
 

Prior to the introduction of dye molecules into the graphene-mica slit pore, the effect of 
humidity on the Raman spectra of graphene on mica itself is investigated using 638 nm 
excitation. 

  The Raman spectra of the unfilled graphene-mica slit pore under dry and wet nitrogen 
atmosphere have been already reported in the literature using, 532 nm (2.3 eV) excitation [9]. 
Due to the dispersive nature of the 2D peak position, its expected position must be recalculated 
for the spectra collected with 638 nm (1.9 eV) excitation wavelength. Although the dispersion 
relation is described to be linear, different values for the slope are reported: 100 cm-1/eV [142] 
and 76 cm-1/eV [143]. Due to the quite large difference between the reported slopes of the 
dispersion, the wetting experiment done by Lin et al. [9] is repeated for the unfilled graphene-
mica slit pore using 638 nm excitation.  

 

 

1500 1800 2100 2400 2700

0

150

300

450

2D

D'

In
te

n
s
it
y
 [

c
o
u

n
ts

]

Raman shift [cm-1]

 RH: 1%

 RH: 57%

G

Figure 5.8 Raman spectrum of single layer graphene on mica under dry (red) and wet (blue) 
nitrogen atmosphere corresponding to RH:1% and RH: 57%, respectively. G and 2D are two main 
Raman modes of graphene and D’ is a graphene defect peak. Spectra recorded with 638 nm 
excitation, 6.8 mW laser power and 30 sec acquisition time. 
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Figure 5.8  exemplifies the Raman spectra of single layer graphene (SLG) on mica under 
dry (RH: 1%) and wet (RH: 57%) nitrogen atmosphere for this wavelength. The peak position 
and peak width of G and 2D, the two main Raman modes of graphene, are changed upon 
increasing humidity. Besides, one of the graphene defect peaks called D’, is detected for the dry 
slit pore and disappeared after raising RH. Except for the 2D peak positions, the results are 
similar to the Raman data reported in the literature with 532 nm excitation [9].  

Figure 5.9 displays results of graphene Raman measurements, i.e. 2D peak position 
versus G peak position at low and high RH for two different samples. The green dashed line in 
Figure 5.9 has a slope of 2.2, which corresponds to the ratio of the expected linear shift of G and 
2D peaks (𝛥𝜔2𝐷 𝛥⁄ 𝜔𝐺) due to strain [121]. The position of the G and 2D peaks for the fully 
hydrated slit pore under nitrogen atmosphere is attributed to the undoped-unstrained point, i.e. 
position of G and 2D when graphene is neither charge doped nor mechanically strained. The G 
and 2D peak positions at this point are reported to be at 𝜔𝐺= 1582 ± 1.4 cm-1 and 𝜔2𝐷= 2676 ± 
1.4 cm-1 using 532 nm excitation [9]. The measured data points shown in Figure 5.9 suggest that 
the position of the undoped-unstrained graphene-mica slit pore at 638 excitation is estimated to 
be 𝜔𝐺= 1583 ± 0.6 cm-1 and 𝜔2𝐷= 2639 ± 0.6 cm-1. Comparing the 2D peak positions of the 
undoped-unstrained points for 532 nm and 638 nm excitations results in the dispersion slope of 
93 cm-1/eV which is closer to the suggested value in reference [142]. The G peak position for 
638 nm is the same as the reported value in the literature for the 532 nm excitation, within the 
error. This is according to the expectation, since the position of the G peak is independent of the 
excitation wavelength. 
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The red dashed lines in Figure 5.9 start from the undoped-unstrained point and have 
slopes of 0.2 and 0.55 corresponding to n- and p- doping, respectively. Both p- and n-doping 
upshift G and 2D peaks.  

Therefore, one can conclude that G and 2D Raman peaks of graphene are influenced by 
both doping and strain in unfilled dry slit pores. Both charge doping and strain are removed 
upon water intercalation within the slit pore [9]. The hydration of the slit pore is verified 
employing scanning force microscopy (SFM) and is argued to be an instant effect once the RH 
reaches the threshold of about 8% [9]. 

  

1582 1584 1586 1588 1590 1592 1594

2610

2620

2630

2640

2650

n-doing

p-doing

strain

2
D

 [
c
m

-1
]

G [cm-1]

Figure 5.9 2D peak position versus G peak position for exfoliated graphene on bare mica under 
dry (red) and wet (blue) nitrogen atmosphere, RH: 1% and RH: 57%, respectively. Different 
symbols designate different samples. The green dashed line, with the slope of 2.2, corresponds 
to the expected linear shift in the graphene 2D and G peak positions due to the strain of the 
graphene sheet with a definite doping level. The red dashed lines correspond to the changes of 
graphene peak positions expected as a result of electron (n-doping) or hole (p-doping) doping 
with the slope of 0.2 and 0.5, respectively. Data points are acquired using 638 nm excitation.    



 
 

Results 
 

44 
 

 

5.2.3 R6G within, on top and outside of the slit pore 
 

5.2.3.1 Raman spectra of R6G coated mica at various humidities 
 

The first question to be addressed is how the Raman spectrum of R6G on mica varies 
with humidity, without any interaction with graphene. 

However, prior to the investigation of R6G Raman spectra at various humidities, a 
sequence of three consecutive acquisitions was taken for a single sample location to investigate 
the effect of exposure to the laser light during the data collection on the R6G Raman spectrum 
(Figure 5.10). The results suggest that the R6G molecules are not destroyed under two 
subsequent acquisitions. In addition, the positions of the R6G peaks do not change in these three 
measurements.  

Figure 5.11 shows the Raman spectra of spin casted R6G on a mica surface at various 
humidities. The excitation wavelength is 638 nm, where the absorption of R6G molecules is 
nearly zero. The acquisition of the spectra is started under dry nitrogen flow (RH: 1%) and then 
the humidity is increased step by step. At each humidity, the Raman signal is collected from a 
different part of the sample to demonstrate the reproducibility of the spectra.    

For each spectrum, one can observe Raman peaks and a background. The detected 
Raman peaks in Figure 5.11 are assigned to R6G, since mica does not exhibit any Raman band 
at this spectral range (Figure 5.7). The intensity of the R6G peaks as well as the background 
decrease with increasing humidity. However, the frequencies of the R6G Raman bands remain 
and do not alter with raising of RH. The positions of the R6G Raman peaks on the mica surface 
at various humidities are provided in Table 5.1. The peak position errors are standard deviation 
due to the scattering of data. The error due to the peak fitting is negligible. Due to the reduced 
intensity of R6G Raman bands after purging humid nitrogen, the peak position could not be 
determined for all bands at all humidities.     

The reversibility of the humidity-dependent reduction of R6G Raman intensity is 
examined by redrying of the humidified sample (Figure 5.12). The results shown in Figure 5.11 
and Figure 5.12 are from two different samples. The intensity of the Raman peaks is reduced by 
purging wet nitrogen to the dry sample as in Figure 5.11. However, the peak intensities are 
partially recovered upon redrying i.e. purging dry nitrogen. The intensity values for two strong 
R6G peaks is provided in Table 5.2. The peak intensity is determined by the area of the fitted 
Lorentzian function and the errors are standard deviations. The hymidifying-redrying cycle does 
not influence the frequency of the R6G Raman peaks. For further insight into the reversibility 
the spectra, the topography of the sample is examined using SFM. Those results are going to be 
presented later in section 5.2.3.7. 
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Figure 5.10 Raman spectra taken from one spot on mica surface coated with R6G in three 
consecutive acquisitions. The spectra are collected under dry nitrogen flow i.e. RH: 1%. Spectra 
recorded with 638 nm excitation, 27 mW laser power and 200 sec acquisition time. 
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Table 5.1 The positions of R6G Raman peaks on mica at various humidities under nitrogen 
atmosphere from dry condition (RH: 1%) up to RH: 62% using 638 nm excitation. The positions 
of the peaks which could not be determined due to their low intensity at various RH are marked 
as (-). 

  RHinitial: 1% RH: 1 % RH: 21% RH: 33% RHfinal: 62% 
1188.2 ± 0.5 1188.2 ± 0.6 1189.3 ± 1.4 - - 
1309.2 ± 2.0 1312.0 ± 2.4 1312.1 ± 2.0 - - 
1364.0 ± 0.8 1362.7 ± 0.2 1363.4 ± 0.4 1363.7 ± 0.2 1363.9 ± 0.4 
1507.0 ± 2.5 1507.9 ± 0.1 1508.0 ± 0.6 1508.5 ± 0.6 1507.8 ± 2.8 
1652.1 ± 2.4 - - - - 
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Figure 5.11 Raman spectra from a mica surface coated with R6G at various humidities under 
nitrogen atmosphere. The acquisition starts under dry nitrogen i.e. RH: 1% (  ). Then RH is 
increased step by step by purging wet nitrogen to RH: 13% (   ), RH: 21% (   ), RH: 33% (   ), RH: 
42% (   ), RH: 54% (   ) and finally RH: 62% (   ). At each humidity, the Raman signal is collected 
from a different part of the sample using the same optical focus. Spectra recorded with 638 nm 
excitation, 27 mW laser power and 200 sec acquisition time. 
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Table 5.2 The Raman peak intensities of the two strong R6G modes, 1363 and 1508 cm-1, 
corresponding to the Figure 5.12 under initial dry condition (RH: 1%) and after redrying. The 
intensity values are not normalized. 
  

 RHinitial: 1% RHredry: 1% (RHinitial – RHredry) 
1363 cm-1 15646 ± 765 12977 ± 1549 2669 ± 1727 
1508 cm-1 15853 ± 1000 11835 ± 246 4018 ± 1029 
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Figure 5.12 Raman spectra taken from a mica surface coated with R6G under humidifying-
redrying cycle. The acquisition starts under dry nitrogen atmosphere i.e. RH: 1% (red). Then, the 
humidity is increased in a single step to RH: 55% (blue) and subsequently is reduced to dry 
condition (RH:1%, green). At each humidity, the Raman signal is collected from a different part 
of the sample. Spectra recorded with 638 nm excitation, 27 mW laser power and 200 sec 
acquisition time. 
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5.2.3.2 Raman spectra of R6G evaporated on top of the slit pore 
 

As an additional reference, R6G is deposited on top of graphene exfoliated on mica. This 
experiment is essential to elucidate the role of the slit pore geometry in the observed changes of 
R6G Raman spectra under dry and wet conditions.  The deposition is carried out in the glovebox 
through thermal evaporation. The experimental details are explained in the sample preparation 
section 2.6.3. The results of humidity-dependent Raman spectra of R6G on top of graphene-mica 
slit pore are shown in Figure 5.13. The excitation wavelength is 638 nm, like in the case of R6G 
on mica. 

 A strong fluorescence background can be noticed (Figure 5.13). This suggests that there 
is more than a monolayer of R6G molecules deposited on graphene through thermal evaporation, 
since graphene quenches the fluorescence of the dye molecules, it is in contact with, regardless 
of whether the molecules are deposited below or on top [7, 144]. 

Increasing RH results in a decrease of the Raman intensity of R6G peaks (Table 5.3). In 
addition, upon raising humidity, the frequency of the R6G Raman peaks does not alter within 
the uncertainty, i.e. no shift in the frequency is observed (Table 5.4).  This is similar to the case 
of uncovered R6G on mica. Since there is more than a monolayer of R6G expected to be 
deposited on top of graphene, the RH is raised up to 80% to ensure the hydration of all of the 
R6G layers.  

Due to the strong background and the overlap of the graphene G peak with R6G bands, the 
position of this peak cannot be defined. Since the G peak of graphene is essential to determine 
the doping and strain state of graphene, the doping and strain state of graphene cannot be 
determined. 

 

Table 5.3 The Raman peak intensity of the two strong R6G modes, 1363 and 1508 cm-1, 
corresponding to the Figure 5.12 under initial dry condition (RH: 1%) and after redrying. The 
intensity values are not normalized. 

  
 RHinitial: 1% RHfinal: 80% (RHinitial – RHfinal) 

1184 cm-1 10660 ± 6225 6568 ± 1923 4092 ± 6515 
1363 cm-1 11143 ± 7188 8049 ± 557 3094 ± 7209 
1508 cm-1 11758 ± 4838 10941 ± 2105 817 ± 2733 
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Figure 5.13 a) Raman spectra taken from thermally evaporated R6G on top of a graphene-mica 
slit pore. The acquisition starts under dry nitrogen atmosphere i.e. RH: 0.5% (red), then the 
humidity is increased to RH: 80% (blue). The grey band marks the 2D graphene Raman peak.  
b) Magnified view of the 1150-1700 cm-1 spectral range of (a). Spectra recorded with 638 nm 
excitation, 2.7 mW laser power and 20 sec acquisition time. 
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Table 5.4 The Raman peak position of thermally evaporated R6G on top of graphene on mica 
under dry and humid nitrogen atmosphere, RH: 0.5% and 80%, respectively. 
 

 

 

 

 

 

 

5.2.3.3 Raman spectra of R6G within the slit pore at various humidities 
 

So far (in section 5.2.2 and 5.2.3.2), it is shown that no matter whether R6G molecules 
are deposited directly on mica or on top of graphene, increasing the humidity from the dry 
condition results in a decrease of the R6G Raman signal without altering the R6G Raman mode 
frequencies. In this section, the effect of confinement within graphene-mica slit pore on R6G 
Raman spectra at various humidities is investigated. 

Raman spectra of R6G in the graphene-mica slit pore are acquired, starting under dry 
nitrogen atmosphere with RH around 0.5%. Then, the humidity is increased stepwise up to  
RH: 65% like in the case of R6G coated mica. Figure 5.14 exemplifies the Raman spectra of the 
R6G- filled graphene-mica slit pore at the lowest and the highest humidity, RH: 0.5% and 65%, 
respectively. The spectrum of the R6G-filled graphene-mica slit pore is rather complex since it 
is composed of Raman bands of mica, graphene and R6G in addition to a background. The latter 
is attributed to the R6G fluorescence. The ratio of the Raman peak intensity to the fluorescence 
intensity is higher for the graphene covered R6G (Figure 5.14b) than for uncovered R6G  
(Figure 5.11). 

Mica exhibits bands below 1115 cm-1 (Figure 5.7a) with the strongest peak at 702 cm-1 

marked in Figure 5.14a.  The peaks marked grey in Figure 5.14a correspond to the main Raman 
features of graphene, G and 2D peaks. The rest of the detected modes are assigned to R6G 
vibrations. There are some R6G modes which overlap with mica peaks, for instance the R6G 
peak at 770 cm-1. However, this work concentrates on the spectral region from 1150 cm-1 to  
1700 cm-1 (Figure 5.14b) where R6G Raman peaks are strong and do not overlap with those of 
the substrate.   

Raising humidity affects the Raman spectrum of the R6G-filled slit pore, including both 
peak positions and intensities of R6G as well as graphene modes. In addition, at RH: 0.5%, a 
strong peak at 1338 cm-1 is observed which is not detected after raising of RH (Figure 5.14b). 
The influence of RH on graphene Raman peaks in R6G-filled graphene-mica slit pore is 
discussed separately in section 5.2.3.5.  

Table 5.5 provides information on the wavenumbers of the R6G modes at RH: 0.5% and 
RH: 65%. According to the data, increasing of RH results in increasing of R6G Raman modes 
frequencies when R6G is confined between graphene and mica. The amount of the shift in the 
Raman frequencies is different for different R6G modes. To depict the dependency of the 

RHinitial: 0.5% RHfinal: 80% shift (RHfinal - RHinitial) 
1185.0 ± 0.6 1186.7 ± 1.7 1.7 ± 1.8 
1312.8 ± 0.5 1310.5 ± 2.3 -2.3 ± 2.4 
1361.9 ± 0.5 1363.0 ± 0.5 1.1 ± 0.7 
1509.7 ± 0.8 1509.4 ± 1.0 -0.3 ± 1.3 
1647.6 ± 1.3 1649.0 ± 0.9 -1.4 ± 1.6 
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frequency shift of the R6G Raman modes on RH, the position of the R6G peaks within the  
1150-1700 cm-1 spectral range is plotted versus relative humidity in Figure 5.15. For comparison, 
the corresponding position of the uncovered R6G on mica at various RH is included as well.  

In the case of graphene-covered R6G, the largest shift in the mode frequencies occurs at 
the very first step of RH increase (RH: 13%). Above RH: 33%, there is no further frequency shift 
upon increasing the humidity. The peak positions of the Raman modes of the uncovered R6G 
are not altered by raising RH, as reported in Table 5.1, and the mode frequencies are higher than 
the covered R6G at all humidities.  

The dependency of the Raman frequency on the RH is different for the Raman band at 
1184 cm-1 in Figure 5.15a, compared to the other R6G Raman peaks. Although the mean value 
of the position of this R6G peak is increased when the molecule is confined in the slit pore, 
within the error, the frequency of the peak is constant for all humidities.  

The reversibility of the influence of water intercalation into the slit pore on the R6G and 
graphene Raman spectra are investigated as well. In Figure 5.16, the RH is first increased from 
RH: 1% to RH: 55% and afterwards it is reduced to RH: 1% again. The position of the R6G peaks 
at the first dry and wet condition is similar to the values reported in Table 5.5; therefore, the 
peak positions only for the second dry state, i.e. after redrying are provided in the same table 
additionally. Upon redrying, the position of the R6G bands at 1184 and 1308 cm-1 does not alter. 
Those at 1361, 1505 and 1647 cm-1 are slightly red shifted; however, they do not return to the 
values of the initial dry slit pore. 

Raising humidity results in an intensity decrease of R6G Raman bands (Figure 5.14) 
except for the R6G band at 1361 cm-1, for which it results in increased intensity. Upon redrying, 
the peak intensities do not return to the initial dry condition values (Figure 5.16, Table 5.6). This 
is in contrast to the intensity of the graphene-uncovered R6G spectra, which are partially 
reversible. Furthermore, the Raman bands at 1260 and 1338 cm-1, which are detected in the 
spectrum of the dry slit pore but not in the spectrum of the wet slit pore, are not observed even 
after redrying. 

 

 

Table 5.5 The Raman peak positions of R6G in the graphene-mica slit pore under dry (RH: 0.5%) 
and wet (RH: 65%) nitrogen atmosphere as well as after redrying (RH: 1%) by purging dry 
nitrogen to the already exposed sample to the humid nitrogen. The shift in the frequency of the 
R6G Raman peaks as a result of humidifying and redrying is provided in the last two columns. 
 

  

RHinitial: 0.5% RHwet: 65% RHredry: 1% shift (RHwet- RHinitial) shift (RHwet- RHredry) 
1183.3 ± 0.4 1184.4 ± 0.9 1183.8 ± 0.6 1.1 ± 1.0 0.5 ± 1.1 
1260.8 ± 1.4 1269.0 ± 0.9 - 8.2 ± 1.7 - 
1301.4 ± 1.9 1308.2 ± 2.2 1308.6 ± 1.2 6.8 ± 2.9 -0.4 ± 2.5 
1338.4 ± 2.2 - - - - 
1357.6 ± 0.7 1361.3 ± 0.5 1358.8 ± 0.3 3.7 ± 0.9 2.5 ± 0.6 
1498.7 ± 1.1 1505.6 ± 1.3 1503.3 ± 0.3 6.9 ± 1.7 2.3 ± 1.3 
1643.3 ± 0.7 1647.5 ± 0.5 1645.4 ± 0.5 4.2 ± 0.9 2.1 ± 0.7 
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Figure 5.14  Raman spectra taken from R6G-filled graphene-mica slit pore at RH: 0.5% (red) and 
RH: 65% (blue) under nitrogen flow a) Raman spectra within 600-2800 cm-1 spectral range, 
where the strongest mica band at 702 cm-1 as well as graphene G and 2D peaks are marked  
b) Magnified view of 1150-1700 cm-1 spectral range. Spectra recorded with 638 nm excitation, 
2.7 mW laser power and 20 sec acquisition time. 
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Figure 5.15 a-e) Position of strong R6G Raman peaks at 1184, 1308, 1361, 1505 and 1647 cm-1 

versus relative humidity (RH) for both graphene-covered (grey) and uncovered (orange) R6G. 
The peak positions correspond to the values provided in Table 5.1 and Table 5.4. 
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Figure 5.16  a) Raman spectra taken from R6G-filled graphene-mica slit pore under humidifying-
redrying cycle. The acquisition starts under dry nitrogen atmosphere i.e. RH: 1% (red). Then, the 
humidity is instantly increased to RH: 55% (blue) and subsequently is reduced to dry condition 
(RH: 1%, green). b)  Magnified view of 1150-1700 cm-1 spectral range of (a). Spectra recorded 
with 638 nm excitation, 2.7 mW laser power and 15 sec acquisition time. 
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Table 5.6 Raman peak intensities of three strong R6G bands. The intensity values are 
corresponding to Figure 5.16. 
 

 

 

 

 

 

In addition to R6G Raman spectra, redrying affects graphene Raman peaks G and 2D. 
Especially the peak position and intensity of the 2D is strongly influenced. However, graphene 
peaks and consequently the effect of charge doping and strain on the graphene sheet are 
discussed separately in section 5.2.3.5. 

 

 

5.2.3.4 GERS enhancement factor of R6G at various humidities 
 

As shown in sections 5.2.3.1 and 5.2.3.3, the humidity affects the Raman peak intensity 
of both graphene covered and uncovered R6G. In this section, the ratio of these changes at each 
RH is determined. This intensity ratio, of the graphene covered R6G (𝐼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒−𝑐𝑜𝑣𝑒𝑟𝑒𝑑) to 
uncovered (𝐼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒−𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑) signal is a measure of a graphene enhancement factor  
(𝐸𝐹𝐺𝐸𝑅𝑆):   

 

𝐸𝐹𝐺𝐸𝑅𝑆 =
𝐼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒−𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝐼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒−𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑
 

Eq.  5.1 

                                         

What is meant by the peak intensity is the total peak area of the fitted Lorentzian 
function (section 3.3). This value is then normalized to the acquisition time and the laser power 
used for acquiring the spectrum, assuming that the effect of both of these parameters is linear 
on the Raman peak intensities. Figure 11 shows the GERS enhancement factor versus RH for 
strong bands of R6G within the spectral range of 1100-1700 cm-1. The 𝐸𝐹𝐺𝐸𝑅𝑆 is slightly different 
for each R6G Raman mode. The 𝐸𝐹𝐺𝐸𝑅𝑆 values are the lowest under dry nitrogen atmosphere, 
3 to 7 times enhancement, for all the bands. Upon hydration to RH: 33%, the 𝐸𝐹𝐺𝐸𝑅𝑆 is increased 
to 7 to 14 times enhancement. Due to the low signal intensity of the R6G on mica at RH: 60%, 
the enhancement factor could only be determined for 1361 and 1505 cm-1 bands.  

 

  

 RHinitial: 1% RHfinal: 55% RHredry: 1% 
1184 cm-1 911 ± 89 295 ± 35 372 ± 75 
1361 cm-1 491 ± 49 596 ± 22 623 ± 62 
1505 cm-1 1158 ± 98 623 ± 63 620 ± 71 



 
 

Results 
 

56 
 

 

 

5.2.3.5 Effect of humidity on graphene Raman peaks 
 

To investigate the influence of RH on the charge doping and the strain of the graphene 
sheet in the R6G-filled graphene-mica slit pore, under both dry and humid nitrogen atmosphere, 
the graphene Raman peak positions are determined and analyzed.  

Graphene Raman features, i.e. G and 2D peaks, can be distinguished from the R6G 
features in the Raman spectra of the R6G filled graphene-mica slit pore (Figure 5.14). The 
graphene 2D peak does not overlap with R6G Raman modes, however, the graphene G peak 
partially does. Despite this overlap, the position of the G peak can be extracted and be analyzed 
for the spectra acquired by 638 nm excitation.  

Both, peak position and intensity of the graphene peaks are influenced by increasing the 
RH. Here, the focus is on the graphene peak positions rather than their intensities. Figure 5.18 
shows the position of 2D peak versus G of graphene in R6G-filled slit pore for four different 
samples under dry and humid nitrogen atmosphere. The grey data points in Figure 5.18 
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Figure 5.17  GERS enhancement factor of R6G at various RH for strong R6G bands at 1184, 
1308, 1361, 1505 and 1647 cm-1. Due to the low signal intensity of the R6G on mica at RH: 60%, 
the enhancement factor is only calculated for the strongest bands i.e. 1361 and 1505 cm-1 under 
this humidity. 
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correspond to the unfilled graphene-mica slit pore (section 5.2.2) under dry nitrogen atmosphere 
using 638 nm excitation, which are co-plotted with the data points corresponding to the R6G-
filled slit pore. Besides, the undoped-unstrained point for this excitation wavelength  
(section 5.2.2) is displayed in Figure 5.18 as a reference point. 

 

 

Under dry nitrogen atmosphere, the positions of the graphene peaks are scattered along 
the same strain line for both unfilled and R6G-filled slit pore, implying that graphene is both 
doped and straind. However, after intercalation of water within the slit pore, unlike the unfilled 
slit pore, the doping and strain are not thoroughly removed in the R6G-filled slit pore. Through 
raising humidity, the doping level of the graphene sheet is reduced; however, it does not reach 
the undoped state. In other words, graphene remains partially doped in the R6G-filled slit pore 
even after water intercalation. In addition, upon increasing RH, the tensile strain is reduced and 
some samples become even slightly compressed; however, like in the case of doping, the 
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Figure 5.18 2D peak position versus G peak position for graphene covered R6G under dry 
nitrogen (red) and under wet nitrogen (blue), RH: 0.5% and 55%, respectively. The different 
symbols designate various samples which are measured first at dry and then at wet condition. 
The undoped-unstrained point (brown) is the onset of both n- and p-doping lines (red dashed 
lines) for 638 nm excitation. The peak positions of the graphene under strain change along the 
strain line (green dashed line). For comparison, the graphene peaks positions of dry unfilled slit 
pore are co-plotted (grey). 
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graphene sheet does not reach the unstrained state. This is in contrary to the unfilled slit pore, 
which achieves undoped-unstrained state upon raising humidity. Due to the presence of strain, 
based on the data presented in Figure 5.18, one cannot determine the sign of charge doping i.e. 
n- or p-doping.  

 The green data points in Figure 5.19 show the graphene peak positions of the R6G-filled 
slit pore after redrying, in addition to the results for the dry and wet slit pore. Upon redrying, 
the strain in the graphene sheet is increased compared to the R6G-filled wet slit pore. The doping 
level is very different from sample to sample; however, the doping level either remain or is 
increased partially. In any case, it does not return to the initial condition.  
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Figure 5.19  2D peak position versus G peak position of graphene in R6G-filled slit pore under 
dry (red) and wet (blue) nitrogen atmosphere. The green data points correspond to the 
 R6G-filled slit pore after redrying. The undoped-unstrained point is displayed as a reference 
point (brown) and the green and red lines show the direction where the strain and charge doping 
cause changes in G and 2D frequencies, respectively. The signal collection is first performed 
under dry and then the setup is purged with humid nitrogen. 
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To be more quantitative, the amount of charge doping of a graphene sheet can be 
estimated from the frequency of the G peak [41]. However, presence of strain in the graphene 
sheet influences the G and 2D peak positions as well. In order to be able to estimate the doping 
level of each data point quantitatively, the effect of strain has to be removed prior to the 
determination of the G peak position. Here, this is achieved through a mathematical procedure 
by calculating the intersection between the strain line passing through the measured data point 
and the doping line passing through the undoped-unstrained point, i.e. 𝜔𝐺= 1583 ± 0.6 cm-1 and 
𝜔2𝐷= 2639 ± 0.6 cm-1 for 638 nm excitation (section 5.2.2). Since the sign of the charge doping 
cannot be determined experimentally, based on the existing data due to the simultaneous 
presence of the strain, the strain removal procedure is performed considering both n- and p- 
doping scenarios. The process is based on finding the intersection of the two lines, doping  
(Eq.  5.2) and strain (Eq.  5.3):  
  

𝑦 − 2639 = 𝑎(𝑥 − 1183) 

Eq.  5.2 

 

𝑦 − 𝜔2𝐷 = 2.2(𝑥 − 𝜔𝐺) 

Eq.  5.3 

 

𝑎 corresponds to the slope of the doping line i.e. 0.2 and 0.55 for n- and p- doping, respectively, 
and (𝜔𝐺 , 𝜔2𝐷) is the graphene peak position of a single data point. The results of the strain 
removal are shown in Figure 5.20 and G peak position mean values are provided in Table 5.7.  
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Figure 5.20  2D peak position versus G peak position for unfilled and R6G-filled slit pore after 
mathematical strain removal, once for the case of n-doping a) and once for the case of p-doping 
b). The red dashed lines are the doping lines initiating from the undoped-unstrained point. 
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Table 5.7 Mean values of the G peak positions after strain removal for both possible cases of n- 
and p-doping, for three cases: unfilled graphene-mica slit pore under dry nitrogen atmosphere 
and R6G-filled slit pore at both low and high RH. In wet, the peak positions corresponding to 
sample 3 are not included. 

 

 

 

 

 

According to Table 5.7, the G peak position is similar for both dry R6G-filled and unfilled 
slit pore within the error, which suggests similar doping level for these two cases, since the G 
peak position can be used to estimate the charge carrier concentration in graphene [41]. 
Comparing to the undoped-unstrained point i.e. 1583 cm-1, the G peak position is shifted about 
14.5 and 5.9 cm-1 for the dry and wet R6G filled slit pore, respectively, in the case of n-doping. 
In the case of p-doping, these values are, 17.6 and 7.2 cm-1. The estimation of the charge carrier 
concentration based on these peak shift values is further pursued in the Discussion section 6.2.4.   

Sample 3 data in Figure 5.20 behave differently and by increase of the humidity the G 
and 2D peak do not follow the same trend as the other samples, therefore, the G peak position 
under wet atmosphere is estimated without considering this data point.  

 

 

5.2.3.6 Raman spectroscopy of the R6G-filled slit pore at resonance condition 
 

To provide further insight into the observed differences between the Raman spectra of a 
R6G-filled slit pore under dry and wet nitrogen atmosphere, the influence of the excitation 
wavelength is additionally investigated, using 532 nm excitation. At this wavelength, R6G is in 
resonance condition rather than pre-resonance. 

Figure 5.21 exemplifies the resonance Raman spectra of the R6G-filled slit pore at  
RH: 0.5% and RH: 60%. The spectra consist of Raman bands, the emission line of a Neon lamp 
and fluorescence background. The Raman bands are attributed to R6G, since due to the strong 
Raman intensity of the dye molecules in addition to the strong fluorescence background, the 
mica peaks as well as the graphene G peak cannot be detected due to the overlap with the 
stronger R6G Raman. The intensity of the R6G Raman peaks under dry and wet nitrogen is 
provided in Table 5.8.   

  

 Gn-doping (cm-1) Gp-doping (cm-1) 
dry unfilled slit pore 1595.3 ± 0.9 1597.9 ± 1.1 

dry R6G filled slit pore 1597.5 ± 2.7 1600.6 ± 3.3 
wet R6G filled slit pore 1588.9 ± 1.1 1590.2 ± 1.3 
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Table 5.8 The Raman peak intensities of the two strong R6G modes, 1363 and 1508 cm-1, 
corresponding to the Figure 5.12 under initial dry condition (RH: 1%) and after redrying. The 
intensity values are not normalized. 
 

 

 

 

 

 

By intercalation of the water molecules into the slit pore, the frequencies of the R6G 
Raman bands are shifted to higher values like in the case of pre-resonance excitation (Table 5.8). 
However, the mean value of the amount of shift is less. For the modes at 1359 and  
1499 cm-1, the shift is similar to the 638 nm excitation, within the uncertainty. The R6G peak at 
1338 cm-1, which is detected in the spectra of the dry R6G filled slit pore in pre-resonance 
condition (Figure 5.14), cannot be observed in the resonance Raman spectra. 

 RHinitial: 0.5% RHfinal: 60% (RHinitial – RHfinal) 
1184 cm-1 13280 ± 911 13729 ± 1026 -449 ± 1372 
1363 cm-1 20031 ± 1838 21732 ± 1119 -1701 ± 2151 
1508 cm-1 16099 ± 2597 18643 ± 2415 -2544 ± 3546 
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Table 5.9 The Raman peak positions of R6G in the graphene-mica slit pore under dry (RH: 0.5%) 
and wet (RH: 60%) nitrogen atmosphere using 532 nm excitation wavelength. 

  
RHinitial: 0.5% RHfinal: 60% shift (RHfinal - RHinitial) 

1184.7 ± 0.6 1184.1 ± 0.3 -0.6 ± 0.7 
1264.5 ± 0.8 1269.3 ± 1.1 4.8 ± 1.4 
1303.7 ± 0.6 1306.0 ± 0.2 2.3 ± 0.6 
1359.3 ± 0.8 1361.8 ± 0.2 2.5 ± 0.8 
1499.4 ± 1.1 1504.0 ± 0.5 4.6 ± 1.2 
1647.1 ± 0.7 1647.8 ± 0.2 0.7 ± 0.7 
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Figure 5.21  Raman spectra taken from R6G-filled graphene-mica slit pore at RH: 0.5% (red) and 
RH: 60% (blue) under nitrogen flow. The yellow marked band corresponds to the emission line 
of the Neon lamp used for frequency calibration. Spectra recorded using 532 nm excitation,  
1.6 mW laser power and 5 sec acquisition time. 
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5.2.3.7 SFM imaging of the R6G-filled slit pore 
 

SFM imaging is performed to provide further insight into the effect of humidifying and 
redrying on structure and properties of R6G molecules on the mica surface and at the interface 
of the graphene-mica slit pore. The measurement is performed first under dry nitrogen 
atmosphere of the glovebox (RH: 0.5%); then, the humidity is increased in steps, while imaging. 
After reaching RH: 58%, the humidity is reduced again to RH: 1%. The same plane correction 
procedure is performed on each set of data to enable the comparison between the topographies.  

 Figure 5.22 displays the surface topography of the uncovered R6G molecules on mica at 
various humidities. The increase of RH results in local increase of heights and appearance of 
protrusions at higher humidities (RH: 58%) compared to the rather homogenous and flat 
topography under dry nitrogen atmosphere (RH: 0.5%). Upon redrying, the height of the 
protrusions is reduced, however, it does not return to the initial topography. Subsequent imaging 
at the same humidity results in the similar height images. This suggests that the changes in the 
topography are not produced by imaging.  

 SFM images of the R6G-filled slit pore at various RH condition is shown in Figure 5.23. 
The evolution of the topography images of the R6G filled graphene-mica slit pore by increasing 
the RH confirms the intercalation of water within the R6G filled slit pore. The surface roughness 
i.e., root mean square (RMS) increases from around 0.07 nm at RH: 0.5% to 0.12 at RH: 30%, 
which suggests that the dry R6G filled slit pore is flatter than the humidified slit pore. By raising 
the RH from 8 to 30%, the structure is coarsened. Instead of point-like depressions, channel-like 
structures and larger plateaus are formed. Upon redrying, the initial topography is not restored. 
However, further channel-like depressions appeared with increased length compared to the 
topography captured under RH: 30%. In fact, once the water gets into the slit pore, it cannot be 
removed thoroughly through redrying even after 24 hours. The same effect is reported for the 
unfilled graphene-mica slit pore [34]. The coarsening of the topography and formation of larger 
plateaus as a result of water intercalation is in agreement with the reduced strain in the graphene 
sheet observed in Raman peak analysis of the graphene sheet (Figure 5.18). Also, the formation 
of channel-like depression upon redrying explains the increased strain of the graphene sheet due 
to the decrease of RH (Figure 5.19).   
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Figure 5.22  SFM height images of R6G coated mica. The measurement is carried out in the 
glovebox starting under the dry nitrogen atmosphere (RH:0.5%). Then the humidity is increased 
stepwise to RH: 9%, 13% up to 58% and afterwards is reduced to RH: 1%. The height colour bars 
are in nm and are identical for all of the topography images i.e. from black to white it is 0.75 
nm. The blue hatched part of the scale means that no data exist in this range. 



 
 

Results 65 
 

 

 

 

 

5.2.4 CV-filled graphene-mica slit pore 
 

It is unclear if the changes observed for R6G are due to its non-planar geometry. For 
comparison, the humidity dependence of Raman spectra of a planar dye molecules, namely 
crystal violet (CV), in the graphene mica slit pore is also considered. 

 

 

 

Figure 5.23  SFM height images of R6G-filled graphene-mica slit pore prepared and measured 
in the glovebox. The starting point of the measurement is the dry condition (RH: 0.5%). Then, 
the humidity was increased step by step while SFM imaging to RH: 8%, then RH: 30% and 
afterwards was reduced to RH: 1%. The scale bar numbers are in pm. The blue coloured part of 
the scale means that no data exist in this range. 
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The Raman spectra of CV in the slit pore is acquired using 532 nm excitation, where the 
dye is in pre-resonance condition (section 2.5). Figure 5.24 displays the Raman spectra of the 
CV-filled graphene-mica slit pore at two humidities under nitrogen atmosphere, first at  
RH: 0.5% and then at RH: 60%. The emission lines of Neon lamp are present because they are 
used for frequency calibration. For each spectrum, one can observe Raman peaks and a 
background which increases with higher wavenumbers. The peaks within the range of 1250-
1650 cm-1 are assigned to CV Raman modes. The frequencies of these modes do not change with 
increasing humidity, except for the mode at 1586 cm-1 (Table 5.10).  

 

 

  

1300 1400 1500 1600 1700 1800

500

1000

1500

2000

In
te

n
s
it
y
 [
c
o
u
n
ts

]

Raman shift [cm-1]

 RH: 0.5%

 RH: 60%

Neon 

lamp

2600 2700 2800

1000

1250

1500

1750

Raman shift [cm-1]

2D

Figure 5.24 Raman spectra taken from a CV-filled graphene-mica slit pore, first under  
RH: 0.5% (red) and then under RH: 60% (blue) nitrogen atmosphere. The yellow marked bands 
correspond to the Neon lamp used for frequency calibration, and the grey marked peak 
corresponds to the graphene 2D peak. Spectra recorded using 532 nm excitation, 1.6 mW laser 
power and 30 sec acquisition time. 
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Table 5.10 Raman peak positions of CV confined in the graphene-mica slit pore under dry  
(RH: 0.5%) and wet (RH: 60%) nitrogen atmosphere. 

 

 

 

 

 

 

 Due to the overlap of the graphene G peak with a strong Raman band of CV, it is not 
possible to determine the position of this graphene band. Consequently, the doping and the strain 
of the graphene sheet in the CV-filled slit pore under dry and wet nitrogen atmosphere cannot 
be determined.   

 

 

 

 

 

  

RHinitial: 0.5% RHwet: 60% shift (RHwet- RHinitial) 
1444.6 ± 0.7 1444.0 ± 0.3 -0.6 ± 0.8 
1533.1 ± 0.7 1533.6 ± 0.4 0.5 ± 0.8 
1586.0 ± 0.6 1587.3 ± 0.2 1.7 ± 0.6 
1618.5 ± 0.2 1618.2 ± 0.2 -0.3 ± 0.3 
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6 Discussion 

6.1 Hydration of graphene oxide bilayer 
 

 

6.1.1 Gradual hydration of GO bilayer 
 

The observed height variation of GO flakes is attributed to the insertion and removal of 
water molecules, which results in the increase and decrease of the interlayer distance, 
respectively. The possibility that the measured height change is an artifact can reasonably be 
excluded. This height is measured from GO surface to GO surface, therefore, the adsorbed water 
molecules on the surface of the flakes should not contribute to the detected change in bilayer 
thickness. Besides, as it is shown in Figure 3.2, humidity does not affect the instrument 
calibration significantly. Therefore, it is most likely that the height changes are really due to 
incorporation of water between GO layers.    

The SFM data imply that the RH-dependent increase in the height of the upper GO layer 
is rapid on the time scale of minutes, which is the time needed for image acquisition. In the case 
of graphite oxide, the maximum hydration is known to be achieved within 1-2 min in liquid 
water, which suggests rather rapid hydration kinetics as well [31]. Under highly humid 
conditions, i.e. close to 100% RH, a similar degree of hydration is reported for bulk powder 
multilayered GO, however, the water insertion kinetics is much slower and the saturation time 
is within a few hours [6, 22, 145]. This suggests that the small lateral size of the GO bilayer can 
result in faster hydration compared to multilayered systems. The lateral size of the GO bilayer 
in the presented experiments in this work is a few hundred nanometers whereas for a bulk 
powder, it is a few micrometers.   

Both HGO and BGO show a gradual increase of the single interlayer distance upon 
hydration with RH up to ∼ 80% by ∼ 1 Å (Figure 5.3 and Figure 5.4). This observed hydration 
behavior, as well as the measured values of the interlayer distance, are in a good agreement with 
previous results obtained by XRD and neutron time of flight experiments on hydrated HGO and 
BGO graphite oxide powders [5, 6, 146]. The gradual alteration of the interlayer distance 
determined by X-ray diffraction (XRD) [6] and neutron time-of-flight scattering [5] is reported 
to be around 1 Å in the humidity range 30–75%. Indeed, the height difference from the SFM 
topography images corresponds to the interlayer distance, evaluated using diffraction methods.    

 In the literature, this gradual increase of the interlayer spacing is attributed to the 
interstratification effect. Interstratification refers to the random insertion of a distinct number 
of water monolayers into a multilayer sample. In this model, the rise of humidity results in a 
growing number of intercalated water monolayers. This has been attributed to a gradual shift of 
the diffraction peak since the random stacking of the monolayers results in only one (001) 
reflection, which depends on the layer spacing [30, 31]. However, the interstratification effect 
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can be excluded in the experiment reported here, since in a bilayer only one monolayer of water 
can be intercalated with the expected thickness to be about 2.2 Å to 2.9 Å [24]. The observed 
gradual increase of the interlayer distance to ∼ 1 Å at high RH seems counter-intuitive.  

This suggests that the typically used model in the literature considering two surfaces 
separated by water monolayers cannot describe the gradual expansion of the GO interlayer 
interspacing. Instead, the details of the GO surface should be considered. The complicated 
topography pattern of the GO bilayer already at low RH (Figure 5.5) is a consequence of the 
complex chemistry of the GO sheets. It is well-known that GO is a non-stoichiometric, 
inhomogeneously oxidized material, consisting of randomly distributed regions with different 
degrees of oxidation [147]. As a result, stacking two GO sheets provides a broad variety of sites 
for water insertion due to the possible combinations of highly, weakly or non-oxidized areas.  
The results on the height of the single GO flakes (Figure 5.3) implies that the intercalation of the 
water molecules is a gradual process, and that the details of the incorporation of water molecules 
are sensitive to the inhomogeneities of the GO sheets.  

 As one can see in Figure 5.5, the topography of the GO flake at low RH has a granular 
morphology that undergoes substantial changes when purged with humid nitrogen. The surface 
consists of protrusions and valleys with a typical lateral size in the range of 10 nm, and detected 
height variations mostly within 3-4 Å. This implies that the incorporation of water molecules at 
higher humidities contributes both to the observed height variations and the granular 
morphology. As it has been mentioned in the results part, three types of structures can be 
identified by comparing SFM images acquired at low and high RH.  

The first type are protrusions that remain unchanged upon hydration. This type of 
structures can be attributed to the intrinsic roughness of the GO sheet, possibly already including 
water molecules even at low humidity since the sample is initially spin cast at ambient condition 
from aqueous solution.     

The second type includes protrusions that appear at high humidity with a height of about 
3 Å. This type of structure is assigned to water molecules intercalated between the two GO 
layers, since the height is in agreement with the expected value for the water molecules [24].    

The third type comprises protrusions where the height is less than 3 Å and changes with 
increasing RH.  Since this change in the height is smaller than the expected size of a water 
molecule, this type of structure is attributed to the insertion of the water into the GO layer 
structure. It is known that there are structural defects in the basal plane of the GO due to the 
oxidation process [148]. Here “defects” refer to holes (or “valleys”) of variable size, which are 
present in the GO layer. Water molecules can be incorporated into the voids of smaller size than 
the molecules themselves. This results in the expansion of the interlayer distance by less than 
the height of the water molecule. 

The adsorbed water molecules at RH below 80% are inserted into specific sites of the GO 
layer. Two sequential SFM images taken with RH held constant do not show change in the 
surface topographies. This means that over the span of about 10 minutes, the time required for 
capturing two images, the water molecules between the GO layers stay localized. This allows 
the recording of reproducible images from the same area. 

 The hysteresis in interlayer distance shown in Figure 5.3 and Figure 5.4 suggests that the 
hydration of the GO layer is not completely reversible upon drying. This partial reversibility can 
be explained by slower kinetics of water removal at low RH. It is known that complete water 
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removal from GO powder under dry conditions takes several weeks [22] and may even require 
annealing under vacuum for 24 h at 70 C° [147].   

 This observed hysteresis of the interlayer distance is more pronounced for HGO  
(C/O: 2.47) compared to BGO (C/O: 2.63). It can be attributed to a higher oxidation degree and 
a more complex oxidation pattern of HGO compared to BGO, which results in less water removal 
upon redrying for HGO [61]. 

 

6.1.2 Step-like hydration of GO bilayer 
 

A sharp increase of the GO interlayer distance is measured in liquid water (Figure 5.6). 
The value of this interlayer expansion is measured to be a rather well-defined step of ∼ 3 Å, both 
for HGO and BGO, which is in agreement with the previous XRD data measured at 100% 
humidity [6]. This step-like hydration can be attributed to the intercalation of water molecules 
between GO layers, since the step height matches the size of the water molecules. 

 

 

 

6.2 Dye-Filled graphene-mica slit pore 
 

 

6.2.1 Humidity-dependent R6G aggregation 
 

As it has been shown in section 5.2.3.1 and 5.2.3.3, the increase of humidity results in the 
reduction of the R6G Raman signal measured with 638 nm excitation, both, when R6G is 
uncovered on mica or within the graphene-mica slit pore. This intensity reduction is reversible 
upon redrying for uncovered R6G on mica, but not for R6G in the slit pore. 

 Judging based on the absorption spectrum of a dilute aqueous solution of R6G, 638 nm 
excitation is off-resonance and the R6G absorption is nearly zero at this wavelength 
(section 2.4). However, there are reports in the literature showing broadening [149, 150] and 
red-shift [151] of the absorption spectrum of R6G thin films under atmospheric conditions, 
which is attributed to the formation of R6G aggregates. This suggests that at 638 nm, deposited 
R6G on mica is possibly not thoroughly off resonance but at the very end of the absorption tail, 
which would explain the observed background in the Raman spectra of uncovered R6G to be 
fluorescence (section 5.2.3.1). This background is quenched when the R6G molecules are in 
contact with the graphene sheet, due to resonant energy transfer between the dye and graphene 
[144].  

The reduction of the R6G Raman peak intensities upon raising RH can be attributed to 
the change of the R6G absorption spectrum under dry and humid nitrogen atmosphere. As a 
result, R6G absorbs stronger at 638 nm excitation wavelength, under dry atmosphere compared 
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to humid atmosphere. In other words, under dry condition, R6G is more in resonance with the 
excitation source. Consequently, the Raman intensity is stronger under this condition. There are 
two possibilities, which can be considered as an origin for this humidity-dependent shift of the 
R6G absorption spectrum.  

 One possibility is the formation of hydrogen bonds between R6G and water molecules 
under humid atmosphere. This hydrogen-bonding can shift the absorption spectrum of R6G to 
lower wavelengths [152], like when the absorption maximum of the dissolved R6G monomers 
in ethanol is red-shifted compared to their aqueous solution. Therefore, deposited R6G on mica 
would be less in resonance at high RH. 

 Another possibility is the reversible change of the R6G aggregation state on mica as a 
function of humidity. In fact, the humidity-dependent aggregation of R6G molecules intercalated 
within a layered mineral at room temperature has been observed and reported using absorption 
and fluorescence spectroscopy [153]. According to Shinozakai et al., the R6G dye molecules are 
predominantly monomeric at around RH: 93% while at around RH: 20% they form dimers. They 
have also reported that this aggregation-deaggregation is reversible depending on the humidity. 
The aggregation at RH: 21% results in a slight red-shift of the absorption maximum of R6G 
compared to the RH: 93% of about 7 nm.    

   The Raman intensity of the uncovered R6G on mica is recovered by redrying, but the 
recovery is not complete and it returns only to 80% of the initial intensity. This can be attributed 
to residual water which could not be removed through RH reduction. It is possible that the longer 
redrying time, for instance a week [153], results in higher intensities. 

The SFM topography images of uncovered R6G on mica show that, under dry nitrogen 
atmosphere, the surface topography is initially flat. By raising RH, the topography of R6G 
molecules on mica changes and the height of some areas increases. This suggests the insertion 
of water between R6G molecules and thus change of the conformation of the dye molecules on 
the surface. Upon redrying, the surface becomes flatter but it does not return to its initial 
condition, which is consistent with the Raman data. 

The Raman intensity of the R6G within the graphene-mica slit pore is even less reversible 
than the uncovered R6G, i.e. it only recovers 40% of the initial intensity. This can be attributed 
to the fact that the dewetting of the graphene-mica slit pore is irreversible even in the absence 
of dye molecules [34]. This is consistent with the SFM topography images of the R6G-filled slit 
pore. Although some water molecules are removed upon redrying, resulting in the formation of 
channel-like depressions, the topography does not return to the initial condition. Interestingly, 
the intensity of the Raman peak at 1361 cm-1 increases upon hydration for the graphene-covered 
R6G, in contrast to the other R6G Raman peaks, and even the same peak in the case of uncovered 
R6G. The origin of the peculiar behavior of this band is going to be discussed later in  
section 6.2.7.2. 

 In the case of R6G deposited on top of graphene and 638 nm excitation wavelength, the 
mean values of the R6G Raman peak intensities are also reduced by increasing RH like 
uncovered R6G on mica and R6G in the slit pore. However, the change in intensity is within the 
measurement uncertainty. Judging based on the R6G Raman peak intensities, there is more than 
a monolayer deposited on top of graphene. By calculating the ratio of the peak intensities of the 
R6G on top of graphene and in the slit pore under dry condition, at least six molecular layers 
are estimated to be deposited on top. For this estimation, to ensure that the effect of optical focus 
is ruled out, the R6G Raman peak intensities are normalized to the area of the graphene 2D 
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peaks in the corresponding spectrum. Therefore, one may conclude that the intensity of the R6G 
peaks are stronger affected by RH, when the molecules lie on a surface rather than being in bulk.  

 In contrast to the 638 nm excitation, when a 532 nm laser is utilized as the excitation 
source for the R6G-filled slit pore, the mean values of R6G Raman peak intensities are rather 
increased upon raising humidity than reduced. The maximum absorption of R6G in aqueous 
solution is at 527 nm (section 2.4). Therefore, the shift of the absorption maximum to the longer 
wavelengths, under dry condition, should be more than 10 nm. In that case, excitation at 532 nm 
would be positioned at the other side of the maximum and less in resonance.  

Therefore, the Raman data acquired from different sample geometries and excitation 
wavelengths implies the shift of the R6G absorption spectrum as a function of RH. To investigate 
the formation of molecular aggregates, their type and their effect on the absorption spectra of 
R6G on mica, one has to utilize absorption or fluorescence spectroscopy. In this work, the Raman 
peak intensities are used as an indirect evidence, since studying the R6G aggregation was not 
the primary goal of this work.      

Aggregation is assumed to be the cause of changes in the peak intensities. Since it occurs 
for both uncovered and graphene covered R6G, it cannot be responsible for the humidity 
dependent changes in Raman peak position that are only observed for graphene covered R6G. 
It has also been previously reported that aggregation does not affect the frequency of the R6G 
Raman peaks [49]. 

 

 

6.2.2 GERS enhancement factor of R6G 
 

The GERS enhancement factor (EF) for R6G within the graphene-mica slit pore utilizing 
638 nm excitation is estimated to be 3-7 times under dry condition and 7-15 times under humid 
condition (RH: 60%) depending on the peak (section 5.2.3.4). The range of estimated EF is in 
agreement with results in the literature. For phthalocyanine dyes, the EF is reported to be within 
2-17 times [9] and for graphene-covered R6G on Si/SiO2 substrate using 632 nm excitation, 
about 3.9-5.0 times under atmospheric condition [10].  

 Increasing RH results in a gradual increase of the estimated GERS EF, until around 65% 
RH. The GERS EF for two strong modes at 1361 and 1505 cm-1 is more than double the EF under 
dry condition. This increase of the enhancement factor can be attributed to the reduced R6G 
Raman signal under higher RH. The intensity of both uncovered R6G on mica and R6G within 
the slit pore are reduced upon hydration; however, the intensity reduction is stronger in the case 
of uncovered R6G than in the case of R6G in the slit pore. For instance, for the mode at  
1505 cm-1, the intensity reduction upon rising humidity is more than 2 times for uncovered R6G 
compared to the ones in the graphene-mica slit pore. This is similar to the difference of the 
estimated GERS enhancement factor under dry and humid atmosphere. It may be due to the 
presence of graphene that might affect the state of aggregation or might reduce the amount of 
water in contact with R6G. In this case, the additional GERS enhancement does not originate 
from a chemical enhancement mechanism. Therefore, environmental humidity can influence the 
GERS EF and it has to be reported alongside, although it is probably different from molecule to 
molecule. 



 
 

Discussion 73 
 

 

6.2.3 Effect of confinement pressure on R6G Raman spectrum 
 

When the R6G molecules are confined between a graphene sheet and a mica surface, 
one of the possibilities is the exertion of pressure to R6G, due to this confinement. In fact, it has 
been recently argued that the confined molecules between two graphene sheets are under 
enormous pressure, i.e. around 1 GPa exerted due to the Van der Waals forces. It has been shown 
that this effect results in the blue shift of the Raman bands of the confined molecules [154]. In 
the case of R6G, the effect of high pressure on its Raman spectrum is directly investigated 
applying diamond-anvil cell (DAC). It has been observed that the position of the R6G band at 
1650 cm-1 linearly blue shifted to around 1680 cm-1 under 6 GPa [155]. Therefore, the observed 
mode softening under dry nitrogen atmosphere in our data cannot be attributed to the pressure.  

 

 

 

 

6.2.4 Charge carrier concentration of graphene sheet and interfacial electric field 
 

Knowing the minimum of the graphene G-peak position, i.e. G-peak position when 
graphene is neither doped nor strained, one can estimate the charge carrier concentration in the 
doped graphene sheet from the shift of the G-peak to higher frequencies, due to doping [13].  

The G-peak position of graphene in both cases of an unfilled and a R6G filled graphene-
mica slit pore under dry nitrogen atmosphere is upshifted from the minimum value, 1583 cm-1, 
after removal of the strain effect (section 5.2.3.5). This suggests that graphene is charge doped 
in both of these cases, however based on the reported data, it cannot be determined whether it 
is n- or p-doped in the presence of strain, since the shift for both electron and hole doping is 
qualitatively similar [13].  

For the dry unfilled graphene-mica slit pore, the cause of doping is argued to be the 
charge transfer at the graphene-mica interface [14]. The mean value of the G peak position after 
the strain removal is slightly higher for the R6G slit pore compared to the unfilled graphene-
mica slit pore, i.e. the charge carrier concentration is slightly higher, although within the 
uncertainty the G peak positions are the same. This small difference in the G peak position mean 
value of the unfilled and R6G filled slit pore can be attributed to the additional charge transfer 
between R6G molecules and mica. It can also explain why there is doping residue after water 
intercalation in the R6G filled slit pore, which is not present in the absence of R6G molecules. 
In fact, it has been previously reported that deposition of R6G patterns on top of graphene on 
SiO2 substrate, prepared through dip-pen nanolithography, locally n-dopes graphene [15]. 
Assuming that R6G n-dopes graphene, it may then be suggested that mica n-dopes graphene as 
well, since the doping is slightly higher in the presence of R6G, showing a possible additive 
effect. This is in the case that the mica surface is positively charged, due to the presence of 
potassium ions and one might expect p-doping of graphene exfoliated on top of the dry mica 
surface rather than n-doping.  
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The presence of R6G molecules does not block the graphene-mica charge transfer, since 
the G-peak position remains within the error for a dry unfilled and a R6G-filled slit pore.  
However, the intercalation of the water molecules into the unfilled graphene-mica slit pore is 
reported to block the charge transfer [14], which is reproduced in this work as well 
(section 5.2.2). This is attributed to the fact that water is a polar molecule with a dipole moment 
of about 1.8 D, which can orient itself within the graphene-mica slit pore, and which 
consequently shields the charge transfer between graphene and mica. When the R6G molecules 
are present at the interface, the water intercalation into the dry slit pore results only in the partial 
shielding of the charge transfer. In other words, the G-peak position is down shifted but does 
not reach the minimum value. This can be due to the additional R6G-graphene charge transfer. 
The fact that the water intercalation into the R6G-filled slit pore blocks a portion of charge 
transfer implies that this shielded portion of charge transfer is due to mica rather than R6G. This 
can be supported by GERS EF due to the chemical enhancement, which remains in both dry and 
wet slit pore, suggesting no effect on the charge transfer between R6G and graphene with 
humidity (section 6.2.2). The charge transfer between R6G and graphene is in agreement with 
the chemical enhancement mechanism expected for the GERS effect [9].  Besides, the orientation 
of the water molecules in the slit pore in presence and absence of R6G molecules can be affected.  

 To estimate the charge carrier concentration of graphene, in dry and wet R6G-filled slit 
pore from the mean value of the G peak position after strain removal (section 5.2.3.5), the 
simplified non-adiabatic trend to calculate the phonon frequency from the literature is applied 
[13]: 

 

ℏΔ𝜔 = 𝛼′|𝜖𝐹| 

Eq.  6.1 

where, 

 

ℏΔ𝜔 = ℏ𝜔𝜖𝐹
− ℏ𝜔0 

Eq.  6.2 

 

ℏ, 𝜔0 and 𝜔𝜖𝐹
 are the reduced Planck constant and the phonon frequency at undoped and doped 

cases, respectively. 𝛼′ is the proportionality factor with the value of 4.39 × 10−3, which is 
defined as  

𝛼′ =
ℏ𝐴〈𝐷Γ

2〉𝐹
𝜋𝑀𝜔0(ℏ𝜈𝐹)2 

 

Eq.  6.3 

             

where A, 𝑀, 𝜈𝐹 and 〈𝐷Γ
2〉𝐹 denote unit cell area, carbon mass, Fermi velocity and the deformation 

potential of the G mode [113]. The 𝜔0 in this work corresponds to the minimum of the graphene 
G-peak position, i.e. 1583 cm-1. 𝜖𝐹 is the doping induced shift of the Fermi level from the Dirac 
point at zero temperature, it can be determined using 
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𝜖𝐹 = 𝑠𝑔𝑛(𝑛)√𝑛𝜋ℏ𝜈𝐹 

Eq.  6.4 

 

where 𝑠𝑔𝑛(𝑥) is the sign of 𝑥 which refers to the electron/hole doping and 𝑛 denote charge 
carrier concentration. The value of ℏ𝜈𝐹 is determined to be 5.52 eVÅ from density functional 
theory (DFT) [111]. Using Eq.  6.1, Eq.  6.2 and Eq.  6.4, the charge carrier concentration of the 
graphene in the dry unfilled and both dry and wet R6G-filled slit pore is calculated assuming the 
n-doping scenario ( 

Table 6.1). According to the results shown  in the  

Table 6.1 for dry and wet R6G-filled slit pore, the charge carrier concentration is reduced upon 
water intercalation, however, it does not reach zero. Although these calculations are performed 
based on the assumption of zero temperature, which is not the case in this work, it has been 
previously shown that this simplified model captures the experimentally measured trends also 
well [41, 113]. 

Assuming that the graphene-mica slit pore is a large parallel plate capacitor with a 
charge carrier density (𝑛), one can estimate the strength of the electric field (𝐸) in between using 

 

𝐸 = 𝑛/𝜀0 

Eq.  6.5 

  

with 𝜀0 being the vacuum permittivity 8.85 × 10-12 F/m. The field strength in Eq.  6.5 is 
independent of the graphene-mica distance. The above equation makes the simplifying 
assumption that there is vacuum between graphene and mica. This means that the value of 𝐸 
calculated here is an upper bound, since the relative permittivity of R6G is expected to be larger 
than 1 [156]. The electric field strength at the dry graphene-mica interface in presence of R6G 
molecules is calculated to be around 2 V/nm ( 

Table 6.1). This field is then reduced by around an order of magnitude to about 0.3 V/nm due to 
the intercalation of water molecules within the graphene-mica slit pore.  

  The electric fields are the same order as in the dry slit pore, and expected to affect the 
vibrational spectrum of the molecules, especially the modes of the polar bond stretching [38]. 
This effect is called vibrational Stark effect. Therefore, it is possible that the observed mode 
softening of the R6G molecules at the dry interface is due to the calculated strong interfacial 
field. To investigate the effect of an electric field on the vibrational frequency of R6G, DFT 
calculations are performed. 
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Table 6.1 Calculated charge carrier concentration of graphene in dry and wet, unfilled and  
R6G-filled slit pore geometry, based on the simplified non-adiabatic trend for the phonon 
frequency calculation as well as the corresponding electric field strength. n-doping is assumed 
for the calculations. 

 

 

 

It has to be noted that the possible charge transfer between R6G and mica cannot be held 
responsible for the R6G Raman mode-softening in the dry R6G-filled slit pore, since the Raman 
peak frequencies of the deposited R6G on top of dry unfilled slit pore are higher than the R6G 
within the dry slit pore. In fact, the Raman peak position values of the R6G on top of graphene 
is comparable with those on mica. This supports the idea that the change of R6G peak positions 
in the dry slit pore compared to the wet slit pore, can be described by the graphene-mica interface 
under dry condition. On the other hand, as mentioned in section 6.2.3, the shift is not due to the 
interfacial pressure applied to the molecule. 

 

 

6.2.5 DFT calculation of R6G vibrational frequencies  
 

DFT calculations are performed by Dr. Ana M. Valencia from Prof. Cocchi’s group on a 
single R6G molecule, having crystal geometry conformation, in vacuo once without an electric 
field and once with an external electric field, in order to rationalize the effect of an electric field 
on the vibrational frequencies of R6G. However, as a first step, the results of DFT calculation 
are used to assign the experimentally observed Raman modes of interest to the corresponding 
molecular vibrations. In the performed DFT calculations only frequencies of R6G normal modes 
are provided, not Raman spectra, i.e. no intensity. The reason is to save calculation time for a 
large molecule such as R6G. This molecule is composed of N = 64 atoms. For a nonlinear 
molecule, the total number of the normal vibrational modes is 3N-6 [80]. This is 186 modes in 
the case of R6G. Based on merely DFT calculated frequencies one cannot explicitly identify the 
Raman-active modes. Therefore, the experimental Raman spectra together with the DFT results 
are compared with the extensive theoretical works of Watanabe et al. [43] and Schatz et al. [44] 
on the Raman spectra of R6G. Based on this comparison, the experimentally relevant Raman-
active modes of the calculation and their corresponding assignments are determined. What is 
presented here is the final result of this comparison. 

 

 

  

 unfilled (dry) R6G-filled (dry) R6G-filled (wet)  
n × 𝟏𝟎𝟏𝟑 (cm-2) 1.3 1.8 0.3 

E (V/nm) 1.5 2.0 0.3 
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6.2.5.1 R6G Raman band assignment 
 

Before investigating the effect of electric field on the frequencies of the experimentally 
observed Raman-active modes of R6G, DFT calculations are used to assign the Raman peaks to 
the corresponding molecular movements. The vibrational patterns of the most important 
experimentally observed R6G Raman peaks are depicted in Figure 6.1 including their mode 
numbers (𝜈) and the corresponding frequencies. The mode number does not have any physical 
meaning and is only used to count the calculated vibrations from the lowest frequencies to the 
highest, in the case of R6G from 𝜈1 to 𝜈186.  

In the case of graphene uncovered R6G on mica, Raman bands at around 1188, 1309, 
1364, 1507 and 1652 cm-1 are detected. Since R6G is a large molecule, its vibrational modes can 
be very complex consisting of various movements of different parts of the molecule 
simultaneously. The band at 1188 cm-1 is attributed to the in-plane deformation of the xanthene 
ring, C-H bend and N-H bend (Figure 6.1, 𝜈102). The vibration at 1309 cm-1 (𝜈114) is due to the 
in-plane ring breathing of the xanthene ring, N-H bend and CH2 wag. 1364 (𝜈119), 1507 ( 𝜈148) 
and 1652 (𝜈154) cm-1 modes are all assigned to the stretching of the xanthene ring. In addition 
to the xanthene ring stretching, 𝜈119 includes C-H bend, 𝜈148 includes C-N stretch, N-H bend 
and C-H bend and  𝜈154 includes C-H bend.  

When R6G is confined within the graphene-mica slit pore under dry nitrogen 
atmosphere, two additional Raman peaks are detected at 1260 and 1338 cm-1. With the aid of 
the DFT calculation, the former can be attributed to a R6G normal mode (𝜈113), which is 
dominated by CH2 twisting motion of the ethyl ester substituent of the phenyl ring (Figure 6.2). 
However, the band at 1338 cm-1 is not mentioned in the literature as a normal mode of R6G [43, 
44]. Besides, it is not typically detected in the Raman spectrum of R6G [7, 68], but when the 
R6G is deposited on very rough SERS metal substrates it could be detected [157, 158]. According 
to the performed DFT calculation in this work, the band at 1338 cm-1 can be attributed to a 
vibrational mode localized in the phenyl region (Figure 6.2, 𝜈116). 
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𝜈102(1158 cm
-1

) 𝜈114 (1287 cm
-1

) 

𝜈119 (1343 cm
-1

) 𝜈148 (1519 cm
-1

) 

𝜈154 (1628 cm
-1

) 

Figure 6.1 DFT calculated R6G normal modes corresponding to the experimentally observed 
Raman bands. For each picture, the mode number is depicted in addition to the calculated 
frequency of the vibration in absence of electric field. The grey, white, red and blue colors 
represent carbon, hydrogen, oxygen and nitrogen atoms, respectively. 
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6.2.5.2 R6G vibrational frequency with and without external electric field 
 

The calculated frequencies of the R6G modes shown in Figure 6.1 and Figure 6.2 are 
listed in Table 6.2, in absence and presence of an electric field. The complete list of R6G 
molecular vibrations is provided in the appendix (Table A.1, Table A.2 and Table A.3). The 
vibrational modes computed for R6G in vacuo, having crystal geometry conformation, without 
applied electric field are generally in agreement with those reported in literature [43, 44]. 
However, there are some differences in the modes’ frequencies and the corresponding mode 
numbers. The differences between the DFT results in this work and those in the literature might 
be attributed to the different functionals and the basis set which is used in these two cases. 
Furthermore, in the DFT presented in this work, a chlorine atom which is the counter ion of 
cationic R6G has not been taken into account which possibly affects the calculated vibrational 
frequencies.  

 The direction of the applied field is not varied. This is because DFT calculations are 
carried out in vacuo without any restraints on molecular orientation. Consequently, the molecule 
orients itself so that its dipole moment orients antiparallel to the applied field, regardless of the 
initial configuration. The dipole moment of R6G in the crystal geometry is shown in Figure 6.3.  
The strength of the applied electric field is chosen to be 1 V/nm and 2 V/nm, respectively, which 
are in the same order of magnitude of the field, calculated from the graphene charge carrier 
concentration ( 

Table 6.1).  

Applying the electric field results in a shift of Raman mode frequencies similar to what 
is the expected for the vibrational Stark effect (Table 6.2). The direction of the frequency shift is 
the opposite of what is experimentally observed (section 5.2.3.3, Table 5.5), considering the dry 

𝜈113 (1282 cm
-1

) 𝜈116 (1324 cm
-1

) 

Figure 6.2 DFT calculated R6G vibrational modes corresponding to the additional experimentally 
observed Raman bands within graphene-mica slit pore. 𝜈116 is only detected within the dry slit 
pore. 
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and wet slit pore as cases with and without field, respectively. However, it is known for the 
vibrational Stark effect, that the direction of the frequency shift varies with the direction of the 
applied external electric field with respect to the dipole moment of a molecule [38]. This implies 
that the field in the slit pore is expected to be parallel to dipole moment of R6G in order to cause 
mode softening as observed in the experiment and not antiparallel which is the case in the DFT 
calculation. Only the change in the frequency of the mode 𝜈116 is in opposite direction compared 
to the other modes. Since this mode can only be detected in the dry slit pore, it is not possible to 
discuss the direction of its shift based on the experimental results so far.         

Although the DFT calculations do predict frequency shifts in the presence of an applied 
electric field with the strength of 1 V/nm, these predicted shifts are significantly smaller than 
what is experimentally observed. In the case of an applied field of 2 V/nm which is the estimated 
interfacial electric field strength between graphene and mica in section 6.2.4., the DFT calculated 
shifts due to the field become closer to the experimentally observed shift. The shift of the 𝜈113, 
𝜈114, 𝜈119, 𝜈148 and 𝜈154 modes are nevertheless still smaller than those found in the experiment. 
For the vibrational Stark effect, the frequency shift is nearly linear with the field [134], but based 
on two data points, no statement can be made about this. 

 

 

So far, it has been tried to explain the observed Raman shift of R6G in dry and wet slit 
pore with DFT. The practical limitation of DFT in this case is that the molecule was not 
constrained, therefore, the known crystal geometry was used and the actual molecular geometry 
in the slit pore was neglected. Since the graphene-R6G-mica system consists of too many 
electrons, the system is too large for quantum mechanical calculations to rationalize the slit pore 
geometry. However, the R6G Raman peaks could be assigned. Of a particular interest are the 
modes at 1338 and 1260 cm-1, which are attributed to the vibrations localized in the phenyl region 
and ethyl ester group, respectively. In addition, the results in presence of an applied electric field 
are in overall agreement with the experiment.  

 

Figure 6.3 Dipole moment of R6G in crystal geometry. The arrow direction corresponds to the 
direction of the dipole moment. The arrow is out of plane of the xanthene backbone. It points 
from the side, where the nitrogen atoms are located towards the other side of the backbone, 
where the esther group is positioned.   



 
 

Discussion 81 
 

Table 6.2 DFT results for the R6G Raman modes (ν) and  their frequencies compared without 
and with applied external electric field (E= 1  and 2 V/nm). The frequencies and the frequency 
shifts have the unit of cm-1. For comparison, the corresponding DFT calculated values in the 
literature are provided.    

 

 

 Nevertheless, it is essential to determine the conformation of R6G in the dry and wet slit 
pore, and consequently its effect on the Raman-active vibrational modes, to understand the 
observed Raman shift in wet and dry slit pore. Therefore, classical molecular dynamic simulation 
is performed to provide insight into the R6G conformation within the slit pore at dry and wet 
condition. This has the advantage of being able to handle water and allowing to play with the 
conformation/confinement of the molecule, but the disadvantage is that MD cannot provide 
directly a Raman spectrum.  

 

 

6.2.6 MD simulation of a single R6G molecule within a graphene-mica slit pore  
 

In classical molecular dynamic simulations (MD), equations of motion are solved 
classically, therefore, one can simulate much more complicated systems compared to DFT. 
Besides, MD can easily take into account water molecules which are a big issue in DFT 
calculation, which proves MD to be an appropriate method to simulate a single R6G molecule 
located within both dry and wet graphene-mica slit pores.  

 

 

6.2.6.1 Molecular conformation of R6G within dry and wet slit pore 
 

In order to gain insight into the conformation of the R6G confined in the graphene-mica 
slit pore, a single R6G molecule within the slit pore is simulated by Dr. Jose D. Cojal Gonzales 
using classical MD with low (40%) and high (200%) surface coverages with water molecules. 

Depending on from which side the R6G molecule is deposited on top of mica, two 
conformations are possible in each hydration state (Figure 6.4 and Figure 6.5). Figure 6.4 and 
Figure 6.5 are both equally probable and it only depends on the side that one puts the molecule 

DFT calculation (cm-1) Literature [43] 
𝝂 without  E with E  (1 V/nm) shift  with E (2  V/nm) shift 𝝂 without  E 

102 1157.5 1158.1 -0.6 1157.3 -0.2 103 1175 
113 1281.8 1282.9 -1.1 1283.6 -1.8 111 1273 
114 1286.6 1288.1 -1.5 1289.9 -3.3 115 1307 
116 1323.8 1321.1 2.7 1318.2 5.6 - - 
119 1343.4 1343.4 0.0 1342.8 0.6 117 1351 
148 1519.1 1520.3 -1.2 1522.6 -3.5 146 1505 
154 1628.3 1629.7 -1.4 1631.9 -3.6 154 1652 
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on the surface. As it has been mentioned above, the simulated dry slit pore is not totally free of 
water molecules and in fact, 40% of the mica surface is covered with water molecules, however, 
the amount of water is 5 times less than in the simulated wet slit pore. The reason to include 
water molecules in the dry slit pore calculations is the fact that mica is a hydrophilic surface and 
the R6G deposition is done from an aqueous solution in ambient condition. According to the 
literature, even by baking mica at ultra-high vacuum (UHV), one cannot remove all of the water 
molecules from the surface. Therefore, assuming the presence of a submonolayer of water 
molecules in the dry slit pore is considered to be a reasonable assumption supported by 
experimental observations [159, 160].  

As one can observe in Figure 6.4a and Figure 6.4b as well as Figure 6.5a and Figure 6.5b, 
one of the main changes in the conformation of the R6G in the dry slit pore compared to the wet 
is the change in the torsion angle of the phenyl region with respect to the xanthene plane in dry 
compared to wet case for both possible configurations. Furthermore, the xanthene ring itself is 
bent in the dry slit pore (Figure 6.4e and Figure 6.5e). According to potential energy calculations, 
dry slit pore has higher energy than the wet one (Appendix, Table A.4). The calculation of the 
energy components shows no significant difference for bond, angle and electrostatic terms of 
the potential. The energy difference seems to be due to the terms corresponding to the torsion 
angle and the Van der Waals interactions. The former can be due to the deformation of the R6G 
molecule in the dry slit pore and change of the torsion angle between phenyl region and the 
xanthene backbone. The latter can be attributed to the stronger interaction of the xanthene part 
of R6G with the graphene in dry slit pore due to the shorter distance between the two  
(Figure 6.6). 
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In both possible configurations in the dry slit pore (Figure 6.4a and Figure 6.5a), the R6G 
molecule conformation is flatter and the graphene-mica distance is less than in the wet slit pore. 
The mass profile of graphene with respect to mica is illustrated in Figure 6.6 and it confirms this 
observation. The graphene mica distance in the dry R6G-filled slit pore is simulated to be around 
5 Å which is increased to around 10 Å upon water intercalation into the slit pore (Figure 6.5). 
This increase is both due to the presence of water molecules and deformation of the R6G 
molecular structure. Considering the fact that in the simulated dry slit pore a submonolayer of 
water is present and the size of water molecules to be in the range of 2.2 to 3 Å [24], the apparent 
height which can be measured by SFM is expected to be around 2 to 2.8 Å, which is consistent 
with the SFM topography results for the dry R6G-filled graphene-mica slit pore.  

a) b) 

c) d) 

e) f) 

Figure 6.4  MD simulations of a single R6G molecule within graphene-mica slit pore after 4 ns 
under low a) and high b) humidity condition. c), d) front view e), f) side view. 



 
 

Discussion 
 

84 
 

 

 

 

In the simulated dry slit pore, the graphene sheet bends to follow the topography of the 
R6G molecule. This deformation of the graphene sheet to replicate the beneath topography 
explains the observed strain for graphene in dry R6G-filled slit pore monitored by graphene G 
and 2D peak positions which is removed upon water intercalation (section 5.2.3.7)  [35].  

  

a) b) 

c) d) 

e) f) 

Figure 6.5 MD simulations of the single R6G molecule at graphene mica interface after 4 ns 
under low a) and high b) humidity condition. c), d) front view e), f) side view. 
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In the simulated wet condition, multiple water layers are expected (Figure 6.6). 
Compared to the dry slit pore, the graphene surface is smoother (Figure 6.4b and Figure 6.5b). 
This can explain the coarsening of the surface topography i.e. formation of the larger plateaus 
in SFM height images of the R6G filled slit pore upon increasing humidity up to 30%. The 
redrying process verifies that these newly formed plateaus at higher RH contain water, since 
channel-like depressions appeared upon reducing the RH. However, the topography prior to the 
water intercalation is not restored, suggesting that water molecules do not leave the slit pore 
completely. This has been also previously observed for a graphene-mica slit pore without R6G: 
once water enters the slit pore, it can only be partially removed. This results in the formation of 
fractal-like depressions observed upon drying the slit pore without R6G [34].     

The partial removal of water from the R6G filled slit pore upon redrying is also consistent 
with the Raman results, where the frequencies of the R6G modes are reduced but do not reach 
the values in the dry slit pore. Besides, the formation of the channel-like depressions affects the 
graphene peaks since the topography of the underlying surface is altered.  The intensities of the 
R6G Raman peaks in the slit pore, however, remain even after redrying, unlike the uncovered 
R6G, where the redrying results in increasing of the R6G Raman modes intensities, although, 
the intensities are not fully recovered. 

Figure 6.6 The distance of graphene sheet mass profile with respect to mica surface within a 
R6G-filled slit pore with low (red) and high (blue) water coverage. This figure corresponds to 
the R6G conformation shown in Figure 6.4. 
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6.2.6.2 Analysis of the atomic vibrations  
 

Classical MD simulation does not directly provide vibrational spectra of the R6G since 
for this purpose quantum mechanical calculations are required. However, by doing Fourier 
transforms of the calculated velocities of each atom or the group of atoms one can calculate so 
called power spectral density (PSD) which can be used as an indirect tool to look at molecular 
vibrations. Here, the PSD of the velocity autocorrelation function (VACF) is provided. As a 
reference point, the molecule in vacuum is simulated as well. The calculations are performed for 
the conformation of R6G shown in Figure 6.4.  

The density of normal modes can be extracted via the power spectral density (PSD) of 
the velocity autocorrelation function (VACF) in molecular dynamic calculations [161]. Since 
R6G is a complex molecule, the resulted spectra are very complex. Therefore, to be able to 
interpret the spectra, they are simplified by plotting the VACF results of molecular regions 
marked in Figure 6.7a separately to avoid the overlap of all atomic vibrations. 

 Figure 6.7b, c and d demonstrate the PSD for the VACF for the ethyl ester group, phenyl 
region and the xanthene backbone in addition to the nitrogen atoms, respectively. The marked 
band in Figure 6.7b at 1178 cm-1 in the dry slit pore originates from the ethyl ester group and 
corresponds to the vibration of the C32 and O31 atoms shown in Figure 6.7a. Therefore, this 
peak is attributed to the experimentally observed mode at 1260 cm-1 which is assigned to the 
twisting of the same C-O bond (𝜈113 mode) according to DFT. Interestingly, in wet MD 
simulation, this vibration is red shifted to about 1108 cm-1 which is in the opposite direction of 
the experimental findings. In other words, according to MD this mode is stiffened in dry slit pore 
rather than softened. Since the graphene is considered not to be charged in MD simulation, no 
electric field effect in the dry slit pore is expected and the observed changes in the atomic 
vibrations can only be attributed to the mechanical deformation of R6G in dry slit pore in MD 
results. Therefore, the stiffening of the mode at 1178 cm-1 in dry slit pore can be attributed to 
the effect of pressure which causes the deformation of R6G in the simulation results  
(Figure 6.4a) [154]. Besides, the amount of shift, about 70 cm-1, supports this explanation [155]. 
Since this is not what is experimentally observed, it strengthens the idea of vibrational Stark 
effect to be responsible for the detected red-shift of this Raman mode in dry slit pore with respect 
to the wet.    
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Figure 6.7 a) Molecular structure of R6G. The atoms are numbered for recognition of the 
correspondence in the MD simulation results. The R6G structure consists of ethyl ester group 
(blue), phenyl ring (green) and xanthene backbone in addition to nitrogen atoms (grey). b-d) The 
corresponding power spectral density (PSD) of velocity autocorrelation function (VACF) of the 
mentioned structural regions, respectively. The yellow, red and blue spectra represent a single 
R6G molecule in vacuum, dry and wet graphene-mica slit pore, respectively. 
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In Figure 6.7c, the marked band at about 1365 cm-1 in the simulated dry slit pore can be 
attributed to the experimentally observed peak at 1338 cm-1, which was only detected in the dry 
slit pore. According to DFT, this band is assigned to the vibration of a phenyl group (mode 𝜈116). 
In the MD simulations, this peak is present in the spectra corresponding to the wet slit pore as 
well and its position is upshifted to about 1380 cm-1, i.e. about 15 cm-1. This shift is due to the 
mechanical deformation of the R6G in the slit pore under dry and wet condition. However, DFT 
suggests that 𝜈116 mode is red-shifted in the wet slit pore. Since this R6G mode, in the 
experiment, can be merely detected in dry slit pore, one cannot simply determine whether it is 
red-shifted or blue shifted. However, one expects that upon the shift in the wet slit pore, the 𝜈116 
mode to be overlapped with another mode close by. Interestingly, the intensity of the 
experimentally observed mode at 1361 cm-1 (mode 𝜈119), which is the nearest peak to  
1338 cm-1, shows a peculiar dependency on humidity (section 6.2.1). In contrast to all other R6G 
Raman peaks, whose intensities are higher in the dry slit pore compared to the wet slit pore, the 
intensity of the peak at 1361 cm-1 is higher in wet than dry. This implies that in the wet slit pore, 
there is an additional contribution to this peak intensity. From what is discussed so far, one can 
infer that the mode at 1338 cm-1 is blue-shifted upon water intercalation and overlaps with the 
peak at 1361 cm-1 and therefore cannot be detected. The blue shift in wet is in agreement with 
the MD results and not the DFT calculation. In other words, the corresponding frequency shift 
of the band at 1338 cm-1 band is due to the mechanical deformation rather than the vibrational 
Stark effect.    

 Figure 6.7d displays the power spectral density of the velocity autocorrelation function 
(VACF) for the xanthene backbone in addition to the two nitrogen atoms. According to the DFT 
assignment, four of the experimentally observed Raman modes originate from this region 
(𝜈102, 𝜈114, 𝜈119 , 𝜈148 and 𝜈154 ). However, due to the complexity of the spectra and overlap of 
the peaks, only the mode at 1647 cm-1 (mode 𝜈154) is analyzed since it is attributed to the mode 
with the highest energy in the spectra corresponding to the xanthene ring vibrations. According 
to MD simulation the change in the conformation from dry to wet results in mode softening of 
about 2 cm-1. This is in contrast with the experiment where the mode stiffening is observed. This 
mode stiffening can be attributed to the mechanical deformation of the R6G molecule, similar 
to the effect of pressure. However, DFT calculated mode softening due to the applied electric 
field which supports the experimental results and suggests that this peak shift is due to the 
interfacial field rather than mechanical deformation.       

 Therefore, the shift of the peak at 1338 cm-1 can be explained with mechanical 
deformation due to confinement of R6G within the graphene-mica slit pore. However, for modes 
at 1260 and 1647 cm-1, MD results do not explain the shift and so indirectly support the 
vibrational Stark effect due to the strong interfacial field in the dry slit pore. 
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6.2.7 CV within graphene-mica slit pore  
 

The Raman results for crystal violet (CV) which is a planar dye, confined with the 
graphene-mica slit pore under low and high humidity are shown to be dissimilar to the R6G 
Raman results.   

 The water intercalation within the CV-filled graphene-mica slit pore generally alters 
neither CV Raman peaks intensities nor their positions using 532 nm excitation frequency. The 
only exception is the CV Raman peak at 1587 cm-1, which is red-shifted under dry compared to 
the humid nitrogen atmosphere by about 1.3 cm-1. Despite the increase of frequency of this band 
upon water intercalation, this effect cannot be attributed to the CV molecules, since the CV 
Raman mode at 1586 cm-1 overlaps with the G peak of graphene. When the humidity is raised, 
the G peak upshifts which results in the small shoulder of the peak at 1586 cm-1. Therefore, the 
frequency of this CV band remains as well at higher RH. This CV mode corresponds to the in-
plane aromatic C-C stretching [162] similar to the graphene peak, which explains why the 
frequency of these two modes are so close. Besides, this overlap has been previously reported in 
the literature [7]. In addition to the G peak, upon RH increase, the position of the 2D peak 
changes as well, which confirms the intercalation of water within the CV-filled slit pore.   

 Although CV is considered to be a water soluble dye, hydrophobic interactions between 
CV molecules can drive the formation of dimers and trimers in aqueous solution [163]. The 
presence of these dimers and trimers consequently influence its absorption spectrum. However, 
no dependence of the Raman peak intensities on RH was observed. This suggests that there is 
no change in the CV aggregation state between dry and wet conditions in the slit pore. This 
might be due to the hydrophobic nature of graphene, which reduces the driving force for 
aggregation, or due to the restricted mobility of the CV molecules on the surface, and specially 
within the slit pore. 

 The fact that no humidity-dependent shift in the Raman peak positions was observed for 
graphene-covered CV on mica can be attributed to its molecular structure. CV is a planar 
molecule. Therefore, a considerable mechanical deformation due to the confinement in the slit 
pore that could alter its vibrational spectra like in the case of R6G, cannot be expected. Besides, 
due to its structural symmetry (D3h), a CV molecule does not have a permanent dipole moment 
[164], which could be expected to be influenced by the interfacial electric field. It has to be 
mentioned, due to the overlap of G peak with one of the CV bands, one cannot analyze the state 
of charge doping and strain of the graphene sheet in the CV-filled slit pore. The CV bands 
consisting of the polar bond contributions such as 1533 cm-1 including Caromatic-N stretch [162] 
are also not affected. Assuming CV molecules to lie flat on the mica surface, the mentioned 
vibration would be perpendicular to the direction of the interfacial electric field and does have 
any component in the field direction.  

 The results of CV within the slit pore support that the results of R6G within the slit pore 
are due to some combination of mechanical deformation of molecule and electric field effect in 
the slit pore, since R6G has a dipole component parallel to the field. In fact, the investigation of 
the CV-filled slit pore was part of trying to understand to what happens to R6G in the slit pore.  
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7 Conclusion and Outlook 

The first part of this work investigates the hydration of bilayer graphene oxide (GO) 
using scanning force microscopy (SFM). The interlayer distance in the bilayer GO, 
corresponding to the GO-GO step height in the topography images, is determined at various 
humidities. For increasing relative humidity (RH) up to ~ 80%, a gradual increase in the 
interlayer distance of the GO bilayer up to about 1 Å is observed consistent with previous X-ray 
diffraction (XRD) results on bulk graphite oxide [5, 6]. Previous work has attributed this gradual 
expansion to interstratification, i.e. the random insertion of water monolayers. However, the 
SFM images presented in this work reveal that hydration under nitrogen atmosphere results in 
the appearance of patches with lateral dimensions below 10 nm and heights in the range of  
3-4 Å. This does not fit with the interstratification model. The change in topography instead 
implies a continuous incorporation of water molecules. The GO layers possess defects in their 
backbone originating from the oxidation reaction in the synthesis. These defects enable water 
incorporation through the GO layer at various sites.  The immersion of the bilayer into the liquid 
water results in the rise of the interlayer distance by further 3 Å. This suggests that the 
intercalation of a water monolayer only occurs in the extreme case of full immersion in water.  

The second part investigates the potential for graphene enhanced Raman spectroscopy 
(GERS) of molecules confined between graphene and the atomically flat mica surface. This part 
is primarily devoted to rhodamine 6G (R6G) as a probe molecule. Under dry nitrogen 
atmosphere, the Raman modes of R6G confined within the graphene-mica slit pore are softened 
compared to unconfined R6G. Upon increasing humidity, the Raman modes of R6G at the 
interface stiffen and reach the values of uncovered molecules which do not change by increasing 
the RH. Monitoring the graphene Raman peaks suggests that graphene is charge doped under 
dry nitrogen atmosphere. The amount of doping is reduced by intercalation of the water 
molecules within the graphene-mica slit pore. The origin of this doping is attributed to the charge 
transfer between graphene and mica. The estimation of the charge carrier concertation in 
graphene sheet under dry nitrogen atmosphere implies the presence of an interfacial electric 
field with a strength of about 2 V/nm. Analysis of the Raman spectra of R6G requires care due 
to the complex nature of the graphene-mica slit pore. The R6G molecules may have specific 
interactions with graphene, in an aggregate, be mechanically deformed due to confinement, and 
may be in the presence of a strong electric field. DFT and MD simulations are used to gain 
insight both into the origin of the R6G Raman peaks, as well as how these peaks may shift due 
to the presence of an electric field or confinement.  

Density functional theory (DFT) calculations are utilized to theoretically investigate the 
effect of an external electric field on the vibrational frequencies of a R6G molecule. The results 
show a shift in the frequency of the experimentally observed modes that points towards the 
vibrational Stark shift. However, the amount of shift in theory is less than the experimental 
observations. Therefore, classical molecular dynamic (MD) simulation are adopted to rationalize 
whether the confinement within the slit pore has an impact on the molecular conformation of 
R6G and consequently on its vibrational spectrum. The MD simulation is performed on a single 
R6G molecule within the graphene-mica slit pore at low (dry) and high RH (wet). The results 
demonstrate a change in the conformation of the R6G molecule in the dry slit pore compared to 
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the wet. Employing the power spectral density of the velocity autocorrelation function of the 
R6G atoms suggests shifts in the vibrational frequencies. In other words, the experimentally 
observed mode softening in the dry slit pore can be attributed to the effect of both mechanical 
deformation of the molecule and the vibrational Stark shift due to the interfacial electric field.  

In addition to the shift of Raman peak positions, the Raman intensity of R6G bands are 
reduced when raising RH. This is attributed to the reversible aggregation of R6G under dry 
conditions. The absorption of the aggregates is redshifted, causing the aggregates to be less out 
of resonance than the isolated molecules. The result, under wet conditions, is a decrease of both 
the R6G Raman peak intensities and the background. This intensity reduction is stronger for 
uncovered R6G on top of graphene than for R6G in the slit pore under the same atmospheric 
conditions, i.e. for the same humidity. This results in a GERS enhancement effect that is more 
than two times stronger under 60% RH compared to 0.5% RH. Since this change in the GERS 
enhancement factor is likely due to aggregation, it points to the importance of the dye-specific 
environmental effects on the estimation of the GERS enhancement factor. 

Further evidence for attributing the Raman peak shifts of R6G, comes from experimental 
results with the dye crystal violet (CV). CV is a planar molecule with no permanent dipole. In 
contrast to R6G, the water intercalation within the CV-filled slit pore neither affects the Raman 
peak intensities nor their peak positions. This implies that neither the state of aggregation is 
altered upon hydration nor there is any vibrational Stark effect detected for CV molecules in the 
graphene-mica slit pore, or any mechanical deformation due to the confinement. On the other 
hand, this supports that the vibrational Stark effect and the deformation of R6G is indeed 
responsible for the peak shifts. Therefore, all in all, one may use the slit pore for GERS, but the 
results will be complicated by the details of the confined molecule. 

  This work is expected to be of great interest for the ongoing research on rechargeable 
flexible batteries, where graphene is applied as electrode [165]. In addition, it lays the ground 
work for future fruitful collaborations between experimentalists and theoreticians. Using the 
experimental results provided in this work, one may try to guide the simulations to converge on 
a more realistic picture of what is happening in a model system that is less complex. 
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Appendix 

 

Detailed results of DFT calculations 

  

Table A.1 DFT results of R6G vibrational frequencies with the initial crystal geometry and 
without external field being applied. The first six modes are generated due to the DFT code and 
do not belong to the R6G vibrations. 

1 -0,93856487 51 454,656846 101 1082,17286 151 1461,34727 

2 -0,78425173 52 468,305825 102 1105,55332 152 1472,35804 

3 -0,46822098 53 518,014183 103 1110,46902 153 1481,60596 

4 -0,42341936 54 521,194121 104 1111,89345 154 1519,12932 

5 -0,40347503 55 523,764646 105 1128,82127 155 1538,14986 

6 -0,13961343 56 536,984049 106 1144,72779 156 1543,41443 

7 18,4668821 57 553,700805 107 1149,47951 157 1561,00292 

8 23,84531 58 571,631159 108 1157,54069 158 1577,4232 

9 32,5208144 59 602,512134 109 1159,06805 159 1590,98355 

10 33,9506095 60 607,268292 110 1189,32311 160 1628,29486 

11 50,9571422 61 648,081759 111 1190,2692 161 1709,73376 

12 55,0406914 62 649,036969 112 1212,10844 162 2927,99389 

13 57,9655774 63 664,083217 113 1217,04988 163 2928,31271 

14 70,4741508 64 694,113144 114 1235,32101 164 2963,51515 

15 72,7153542 65 701,368906 115 1238,18852 165 2964,11716 

16 75,7643305 66 705,067939 116 1248,22796 166 2965,80583 

17 84,4789461 67 710,247211 117 1274,757 167 2966,35706 

18 102,945444 68 724,401891 118 1278,01289 168 2971,40272 

19 106,251935 69 739,305088 119 1281,77863 169 2972,78987 

20 115,769797 70 747,537617 120 1286,59982 170 2973,40112 

21 130,676738 71 757,090172 121 1317,68134 171 2989,85741 

22 150,550232 72 761,421504 122 1323,77593 172 2998,98723 

23 162,648121 73 762,635994 123 1333,03291 173 2999,13618 

24 169,403209 74 778,217048 124 1340,50682 174 3033,69689 

25 181,388721 75 794,758091 125 1343,38186 175 3035,20103 

26 183,201544 76 808,97415 126 1344,40655 176 3035,40596 

27 196,497504 77 811,166987 127 1346,19481 177 3044,75731 

28 206,232219 78 816,963334 128 1353,3716 178 3047,92309 

29 215,885682 79 827,52147 129 1353,59904 179 3047,93352 

30 228,368969 80 850,550921 130 1356,96201 180 3048,1352 

31 231,957466 81 856,777256 131 1357,7287 181 3048,18329 

32 237,681325 82 858,677341 132 1361,65618 182 3064,00271 

33 241,838061 83 866,196594 133 1369,82992 183 3093,67859 

34 252,325228 84 880,298976 134 1410,85231 184 3107,26839 

35 263,287637 85 882,630659 135 1411,6806 185 3107,47406 

36 276,617911 86 912,645131 136 1427,73379 186 3109,36348 

37 298,098687 87 935,194506 137 1429,30208 187 3115,68555 

38 318,422974 88 943,167548 138 1430,23089 188 3127,07097 

39 330,323398 89 963,207927 139 1431,50169 189 3131,3494 

40 337,48426 90 981,781585 140 1432,30431 190 3132,1661 

41 341,754514 91 992,801268 141 1433,75606 191 3536,5673 
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42 364,80562 92 994,707675 142 1435,32365 192 3540,62317 

43 379,874605 93 1016,80133 143 1439,19557   

44 393,529737 94 1016,92198 144 1439,50103   

45 398,989681 95 1028,74238 145 1447,37707   

46 411,016647 96 1035,72983 146 1450,57188   

47 418,173613 97 1041,21433 147 1451,44561   

48 436,241628 98 1047,63056 148 1454,40401   

49 440,882302 99 1065,66483 149 1457,15756   

50 445,31688 100 1080,76816 150 1457,63341   

 

Table A.2 DFT results of R6G vibrational frequencies with the initial crystal geometry and 
external field (1 V/nm-1) being applied. The first six modes are generated due to the DFT code 
and do not belong to the R6G vibrations. 

1 -4,37098845 51 454,855943 101 1080,84651 151 1460,92652 

2 -1,49819895 52 468,745014 102 1105,56096 152 1473,90736 

3 -0,46920843 53 516,808416 103 1109,91051 153 1483,88584 

4 -0,1087115 54 521,373929 104 1111,10207 154 1520,29043 

5 -0,06730794 55 524,209419 105 1126,74773 155 1535,91587 

6 4,78762571 56 537,194552 106 1144,29934 156 1539,54679 

7 19,9036347 57 553,742865 107 1148,93116 157 1559,85305 

8 25,2940222 58 571,15061 108 1158,10121 158 1576,70838 

9 32,7771574 59 602,241654 109 1158,57448 159 1593,15546 

10 34,0067816 60 607,37671 110 1189,75003 160 1629,72407 

11 51,8290361 61 647,420974 111 1194,15737 161 1707,15432 

12 56,3828631 62 649,186759 112 1211,54372 162 2927,07874 

13 59,2508976 63 664,203802 113 1215,82858 163 2929,59584 

14 69,8716641 64 693,794384 114 1235,5858 164 2966,00312 

15 73,7714189 65 701,111214 115 1237,49618 165 2966,85542 

16 76,24995 66 705,648886 116 1247,85652 166 2968,63814 

17 85,2461067 67 710,726921 117 1273,80075 167 2969,41024 

18 105,21236 68 723,982314 118 1277,38519 168 2971,9311 

19 106,872989 69 739,967459 119 1282,87524 169 2971,9929 

20 116,021437 70 747,467727 120 1288,05109 170 2973,33524 

21 129,986072 71 756,593644 121 1317,01643 171 2985,79814 

22 150,324845 72 761,486882 122 1321,32503 172 3001,00383 

23 161,881444 73 762,853985 123 1332,09348 173 3002,32534 

24 167,39984 74 777,480968 124 1338,92456 174 3030,96024 

25 180,853659 75 794,506495 125 1343,43516 175 3037,35844 

26 184,264977 76 808,290962 126 1343,86314 176 3038,67902 

27 199,230341 77 810,69542 127 1346,37359 177 3044,64096 

28 206,357412 78 816,610564 128 1353,82799 178 3045,49978 

29 214,095648 79 826,440544 129 1354,16575 179 3047,18705 

30 227,415065 80 851,541432 130 1356,70193 180 3049,2608 

31 230,84576 81 857,79026 131 1357,95738 181 3049,47115 

32 236,184146 82 861,442375 132 1361,90016 182 3064,25991 

33 241,000003 83 865,816027 133 1369,90642 183 3092,80317 

34 251,395676 84 880,628017 134 1410,11286 184 3106,22733 

35 263,957158 85 883,094281 135 1412,29856 185 3107,36984 

36 276,172132 86 912,85377 136 1427,38535 186 3108,39174 

37 297,654325 87 935,656799 137 1429,15928 187 3115,15409 

38 318,959537 88 943,290571 138 1430,24257 188 3125,0988 
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39 331,142459 89 962,244025 139 1431,47989 189 3133,00662 

40 338,89469 90 982,327231 140 1432,2232 190 3134,4232 

41 342,405677 91 992,633136 141 1433,71953 191 3536,87727 

42 364,855992 92 995,227408 142 1435,34782 192 3538,64156 

43 380,010732 93 1016,78593 143 1439,15825   

44 396,685236 94 1017,3359 144 1439,54164   

45 399,918419 95 1028,35755 145 1447,76424   

46 407,785243 96 1034,2995 146 1450,20189   

47 422,452169 97 1040,99806 147 1451,46473   

48 436,273792 98 1044,82686 148 1453,86052   

49 440,622932 99 1065,53421 149 1457,18739   

50 444,95894 100 1080,56148 150 1457,58931   

 

Table A.3 DFT results of R6G vibrational frequencies with the initial crystal geometry and 
external field (2 V/nm-1) being applied. The first six modes are generated due to the DFT code 
and do not belong to the R6G vibrations. 

1 -6.50308558 51 454.41939396 101 1080.63693169 151 1460.50255117 

2 -2.24591431 52 466.71685636 102 1105.67319357 152 1476.50675679 

3 -0.95597435 53 515.38036603 103 1109.61384394 153 1487.66057956 

4 -0.02957688 54 519.44234037 104 1110.69323982 154 1522.58274818 

5 0.47195100 55 523.03140745 105 1125.33460803 155 1530.02805326 

6 7.30731214 56 537.60137283 106 1143.72120835 156 1537.28487051 

7 22.40329655 57 553.79063269 107 1148.29829488 157 1558.22615266 

8 25.74955025 58 570.92984823 108 1157.25297558 158 1575.63680564 

9 31.01932574 59 601.84160638 109 1159.89850043 159 1596.21822630 

10 35.69795737 60 607.15054647 110 1190.17309556 160 1631.90091411 

11 52.52709904 61 646.44456547 111 1199.11535787 161 1702.87904950 

12 58.19181609 62 649.24969585 112 1210.46427417 162 2926.06433941 

13 61.73049031 63 664.08851051 113 1215.48382369 163 2930.30987538 

14 69.86075865 64 693.22157760 114 1235.87462474 164 2967.88474605 

15 73.16990479 65 700.76326476 115 1236.76628268 165 2969.16955229 

16 77.74845399 66 705.39635229 116 1247.56576228 166 2970.25621315 

17 85.56947912 67 711.28564200 117 1273.02550729 167 2971.52669135 

18 106.22354404 68 723.65070012 118 1277.23391892 168 2972.08226631 

19 107.99701221 69 740.56306125 119 1283.81162320 169 2972.39461586 

20 117.04279624 70 747.27723742 120 1289.89621901 170 2973.52546466 

21 130.53511982 71 756.05284719 121 1315.84997041 171 2981.54392723 

22 149.51213553 72 761.60258018 122 1318.20730152 172 3003.61627631 

23 160.67413529 73 763.22300163 123 1331.09736534 173 3005.68007716 

24 166.19176050 74 776.93848593 124 1337.03325855 174 3027.64292999 

25 180.59236519 75 794.03462838 125 1342.79888596 175 3039.41858104 

26 185.96450666 76 806.78265954 126 1344.16877435 176 3041.72670009 

27 202.15670300 77 809.47989348 127 1346.48388142 177 3042.62641993 

28 207.72265604 78 815.86885605 128 1354.31022547 178 3044.24058248 

29 213.69792695 79 825.14543877 129 1354.83352330 179 3046.01530663 

30 226.23578561 80 852.66996367 130 1356.56508317 180 3050.30745155 

31 229.94950498 81 859.02779122 131 1358.16746415 181 3050.60244863 

32 234.83398280 82 864.74081051 132 1361.99510660 182 3063.90489596 

33 241.01070986 83 866.33869223 133 1370.31266997 183 3090.72269205 

34 250.43173456 84 880.92039978 134 1409.20084484 184 3104.33664970 

35 263.77817759 85 883.65765226 135 1412.99949328 185 3106.58576199 
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36 275.52331057 86 912.99413255 136 1426.78898326 186 3106.92598095 

37 296.57130737 87 936.56391030 137 1428.86784927 187 3114.45431385 

38 318.08395051 88 943.94189272 138 1430.17349708 188 3122.66209763 

39 331.41101292 89 961.61557423 139 1431.58419718 189 3134.81377067 

40 339.06196115 90 983.23000526 140 1432.09672365 190 3136.51395494 

41 341.91170352 91 991.61834479 141 1433.55972640 191 3539.41098757 

42 363.72772068 92 996.04896942 142 1435.33847186 192 3543.60878004 

43 380.22427609 93 1017.15951483 143 1439.05076271   

44 391.08683524 94 1017.89888919 144 1439.51909700   

45 398.33307384 95 1027.94572138 145 1448.11765457   

46 402.36142634 96 1032.42321266 146 1449.85520957   

47 420.35436453 97 1040.47374351 147 1451.84529095   

48 436.27362590 98 1041.58311513 148 1453.05163247   

49 438.35992998 99 1065.41390088 149 1456.79656852   

50 444.48808321 100 1078.62646267 150 1458.01554099   

 

 

 

Detailed results of MD simulations 

 

Table A.4 Energy calculations for a single R6G molecule in vacuum, dry and wet slit pore at 
300 K. Energetic components of the last ns of MD simulations were averaged (250000 frames). 

 Energy component (kcal/mol) 

Case Bond Angle Torsion Electrostatics VdW Total 

vacuum 17 ± 3 28 ± 4 18 ± 3 22 ± 2 41 ± 3  127 ± 6 

dry1 17 ± 3 31 ± 4 32 ± 3 18 ± 2 55 ± 3 153 ± 6 

wet1 17 ± 3 28 ± 4 14 ± 3 21 ± 2 44 ± 3 125 ± 5 

dry2 21 ± 3 33 ± 4 32 ± 3 20 ± 2 53 ± 3 160 ± 6 

wet2 17 ± 3 28 ± 4 17 ± 3 23 ± 2 44 ± 3 130 ± 5 
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