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Chapter 1                                                                                                  Introduction 

 

Abstract 

Graphene-based functional materials are attracting increasing attention in 

recent years due to their potential applications in several fields, as diverse as 

electronic devices, composites and sensors. In this chapter, a brief introduction 

to graphene and its preparation, functionalization and application in field-effect 

transistors is provided, followed by an outline of the thesis and the aim of the 

research. 
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1.1 Graphene 

Graphene, a monolayer of carbon atoms arranged in a hexagonal lattice, has 

attracted unprecedented interest due to its extraordinary properties, such as a 

room temperature quantum Hall effect, high charge carrier mobility, high 

transparency and good thermal conductivity.1,2 Graphene is a semimetal, and its 

valence band and conduction band touch at the Dirac points (Figure 1).3 

 

Figure 1. Band structure of graphene. Reproduced with permission from ref. 3. 

Copyright 2009 American Physical Society. 

Graphene has already realised potential in several fields, such as transparent 

electrodes, sensors and composites.4 In 2010, Andre Geim and Konstantin 

Novoselov were awarded the Nobel Prize in Physics ‘for groundbreaking 

experiments regarding the two-dimensional material graphene’.5 Over the past 

decade, graphene has been one of the hottest topics among materials scientists, 

physicists and chemists.  

1.2 Preparation of graphene 

There are primarily three approaches to prepare graphene, including 

mechanical, epitaxial and chemical routes (Chart 1). 
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Chart 1. Methods to obtain graphene. 

The mechanical method includes the famous scotch tape exfoliation method1 

and rubbing graphite against substrates.6 Annealing silicon carbide at high 

temperatue7 and chemical vapor deposition (CVD) on metal substrates are used 

to grow graphene epitaxially.8,9 The chemical method involves either solution 

dispersion of graphite10 or reduction of graphene oxide.11 In this thesis, CVD 

grown graphene and solution dispersed graphene were used to prepare 

graphene-based functional materials.  

1.3 Functionalization of graphene 

In many applications, graphene needs to be combined with other materials, 

which requires functionalization of graphene. There are two approaches 

commonly taken to the functionalization of graphene: covalent and 

noncovalent.12 Covalent functionalization involves covalently attachment of 

molecules onto graphene using organic reactions. Noncovalent 

functionalization involves binding molecules to graphene through π-π, 

hydrophobic and hydrogen bonding interactions. Examples of chemical 

functionalization of graphene are discussed in Chapter 2. 
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1.4 Graphene field-effect transistors 

Graphene-based electronic devices have developed rapidly over the past years. 

In particular, graphene-based field-effect transistors are considered to be highly 

promising for high-frequency applications due to its two-dimensional structure 

and unique carrier transport properties.13 

 

Scheme 1. Typical structure of a graphene field-effect transistor. 

The first multilayer graphene field-effect transistors demonstrated by the 

Manchester team showed mobilities up to 1.5 × 104 cm2 V-1 s-1 at 300 K and 6 

× 104 cm2 V-1 s-1  at 4 K, and on-off resistance ratios less than 30 at 300 K.1 A 

typical structure of a graphene field-effect transistor is shown in Scheme 1 

(source, drain, dielectric layer, graphene and back gate). 

 

Figure 2. Gate spectroscopy of a large area graphene field-effect transistor 

before (black curve) and after thermal annealing in vacuum at 130 oC after first 

(red curve) and second (blue curve) annealing treatment. The resistance and 

gate voltage of the inflection point and Dirac point are labeled in the blue curve 

(data from Chapter 6). 
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The Dirac point described by gate spectroscopy in graphene field-effect 

transistors is defined as the gate voltage where the resistance is maximum. 

Ideally, the Dirac point of undoped graphene is at the zero gate voltage. 

However, graphene is typically contaminated by unwanted dopants from the 

environment and the processes used to fabricate transistors (Figure 2, black 

curve). Recovery of the intrinsic graphene can be achieved by annealing 

graphene to remove absorbates (Figure 2, red and blue curves, after first and 

second annealing, respectively). 
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Figure 3. Shifts of the Fermi energy level (EF) of graphene and Dirac point of 

gate spectroscopy due to doping (black: undoped; red: p-doped; blue: n-doped). 

The effect of absorption of molecules onto graphene field-effect transistors 

could have two effects: shift of the Dirac point and change of the mobility. 

Molecules can dope graphene either in n- or p-type, which shifts the Fermi 

energy level (EF) of graphene and also the Dirac point observed in gate 

spectroscopy (Figure 3).14 Changes in the mobility can be induced when 

molecules act as (charged) impurity scatterers (decrease), on the other hand 

they may screen the electric field of coulomb scatterers present on the 

underlying substrate (increase).15,16 
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The mobility µ of graphene transistors can be calculated using the following 

formula. 

 

Here, n is the charge carrier density, ρ is the resistivity, e is the elementary 

charge, VDirac is the gate voltage at the Dirac point, V is the gate voltage, α is 

the effective capacitance in the units of cm-2 V-1, C is the capacitance per unit 

area, R is the resistance, W is the width of the graphene channel and L is the 

length of the graphene channel. Usually, the mobility is calculated at the 

inflection points, where the derivative dρ/dn has an extreme (Figure 2). 

In 2007, the first top gated graphene transistor was reported.17 Subsequently, 

graphene transistors with a 240-nm gate showed a cutoff frequency of 100 

GHz.18 More recently, graphene transistors capable of detecting THz and IR 

waves over a wide band of frequencies (0.76–33 THz) were also reported.19 

Although there has been considerable progress in the technology of graphene-

based transistors, challenges remain.13 For example, creating a well defined 

bandgap in graphene to allow logic graphene transistors to be switched off still 

needs to be explored.20,21 Also, fabricating large area graphene transistors in a 

controllable and reproducible manner is highly desirable.22 

1.5 Outline and goal of the thesis 

The overall goal of the thesis work was to prepare graphene-based functional 

materials, including preparation of graphene, and its functionalization using 

covalent and noncovalent approaches.  
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In Chapter 2, an overview on the preparation of graphene by solvent dispersion 

methods and its functionalization through noncovalent and covalent approaches 

is discussed. 

In Chapter 3,  a simple solvent exchange method to disperse graphene in 

ethanol is described for the first time. The graphene dispersions were studied 

by several spectroscopic and microscopic techniques, and the film formed 

showed good conductivity. Considering the low boiling point of ethanol, this 

method will be useful in the preparation of composites, surface deposition and 

fabrication of graphene based materials, and will help to find other low boiling 

point solvents to disperse graphene. 

In Chapter 4, highly functionalized graphene was obtained through a zwitterion 

intermediate cycloaddition onto exfoliated graphene flakes under new reaction 

conditions. The functionalized graphene formed stable dispersions in common 

solvents (most remarkably in water) and was characterized by several 

spectroscopic and microscopic techniques. Its dispersion in water is especially 

useful in a wide range of areas, such as composites, devices and biological 

applications. 

In Chapter 5,  two types of graphene-porphyrin hybrid materials were prepared 

using one pot cycloaddition reactions. The graphene-porphyrin hybrid 

materials were characterized using a number of spectroscopies and microscopy 

techniques. The relatively low degree of functionalization of these two hybrid 

materials may allow for retention of graphene’s intrinsic properties, especially 

in comparison with materials prepared via graphene oxides for example. 

Considering the remarkable properties of both graphene and porphyrin, these 

two hybrid materials may have potential applications in a number of areas, 

such as solar cells, sensors and catalysis. 
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In Chapter 6, commercially available chemical vapor deposition (CVD) 

graphene was used as a template to study the self-assembly of bis-urea-

terthiophene (T3) molecular wires. The interaction between graphene and T3 

molecular wires was studied by gate spectroscopy. It is shown that 

commercially available CVD graphene can be used as a substrate for the self-

assembly of T3 molecular wires even when the graphene is highly undulating. 

Changes in doping levels and charge carrier mobility are observed in graphene 

transistors after T3 modification. We attribute these changes mostly to solvent 

induced cleaning of initially p-doped graphene. Nevertheless, occasionally 

clean transistors reveal that the doping induced by the molecular wires and the 

graphene is at least an order of magnitude less than the doping induced by 

unwanted adsorbates. 

In Chapter 7, the self-assembly of two alkyl-Ni (II)-porphyrins on large area 

CVD graphene was studied using scanning tunneling microscopy (STM). The 

interaction between graphene and porphyrins was studied by Raman and UV 

spectroscopy. The data indicate that graphene and porphyrins can affect each 

other electronically. 

1.6 Notes and references 
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Chapter 2                                                                                                                                    

Preparation of graphene by solvent dispersion methods and its 

functionalization through noncovalent and covalent approaches 

 

Abstract 

In this chapter, a review of recent developments in the preparation of graphene 

using the solvent dispersion method will be discussed followed by a survey of 

the non-covalent approaches taken to disperse graphene. Finally, chemical 

reactions performed on solvent dispersed graphene, including 1,3-dipolar 

cycloaddition, zwitterion cycloaddition, nitrene addition, nucleophilic addition, 

the Bingel reaction, radical addition and click chemistry, will be discussed. 

 

 

 

 

 

 

 

 

This chapter has been published: 

Xiaoyan Zhang, Wesley R. Browne, Bart J. van Wees and Ben L. Feringa, 

Handbook of Graphene Science (CRC press), in press. 
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2.1. Introduction 

The unique properties of graphene, a one atom thick layer of connected carbon 

atoms with a two-dimensional honeycomb lattice, has attracted increasing 

attention over the last decade due to its promising materials properties for a 

wide range of applications varying from electronic devices, to composites and 

biological applications.1-3 However, a prerequisite to its application is the 

availability of methods to obtain high quality graphene on a large scale. Several 

approaches have been developed, including mechanical cleavage,4 epitaxial 

growth,5-7 reduction of graphene oxide,8 and solvent dispersion of graphite.9 

Among these methods, solvent dispersion of graphite seems to be the simplest 

approach to prepare dispersible and near defect-free graphene sheets. However, 

graphene sheets tend to precipitate due to aggregation as a result of strong π-π 

interactions even in aromatic solvents. Chemical functionalization of graphene 

through noncovalent or covalent approaches holds potential in improving the 

stability and processing of dispersed graphene, and may also introduce new 

properties as well as allowing tuning of the properties of graphene. In this 

chapter, a review of recent developments in the preparation of graphene using 

the solvent dispersion method will be discussed followed by a survey of the 

non-covalent approaches taken to disperse graphene. Finally, chemical 

reactions performed on solvent dispersed graphene, including 1,3-dipolar 

cycloaddition, zwitterion cycloaddition, nitrene addition, nucleophilic addition, 

the Bingel reaction, radical addition and click chemistry, will be discussed. 

2.2 Characterization techniques of graphene flakes 

The quality of exfoliated graphene dispersions is usually determined using a 

number of spectroscopic and microscopic techniques.  

Transmission electron microscopy (TEM) is a convenient technique to assess 

the exfoliation of graphene flakes. The number of layers can be determined by 
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examining the edges of graphene flakes. Furthermore, electron diffraction can 

also be performed to confirm the presence of single-layer graphene flakes.10 If 

the innermost spots are more intense stronger than the outer spots, it indicates a 

single-layer graphene flake. Otherwise, it is a multi-layer graphene flake.10 

Atomic force microscopy (AFM) allows for measurement of the height of the 

graphene flakes, from which the presence of single-layer graphene can be 

confirmed.4,10 However, the measured thickness of graphene depends on the 

substrates used, and also the presence of water increases the apparent height. A 

problem often encountered is the aggregation of the graphene flakes when 

deposited onto substrates,9,10 which can make it difficult to perform analysis of 

the graphene dispersions. 

Raman spectroscopy is an invaluable technique in the study of the quality of 

graphene.11 The characteristic Raman bands for graphitic materials are: a 

disorder-induced D band at ~1350 cm-1, a doubly degenerate zone centre E2g 

mode at about 1580 cm-1 (G band, indicative to sp2 carbon bonds), and a two 

phonon double resonance Raman band at ~ 2700 cm-1 (2D band). The number 

of layers of graphene flakes can be determined from the shape and full-width at 

half-maximum (FWHM) of the 2D band. The ratio of intensity between the D 

band and G band (ID/IG) is often used to quantify the defect level in graphene 

materials,  and can therefore give direct evidence for covalent functionalization 

of graphene.12 

Techniques such as Fourier transform infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS) can also be used to study the quality of 

graphene, with XPS providing the composition of graphene samples. Thermal 

gravimetric analysis (TGA) is typically used to determine the content of defects 

or amount of functional groups of the graphene samples. 
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2.3 Preparation of graphene using solvent dispersion 

2.3.1 Exfoliation of graphene in solvents 

The method of solvent exfoliation of graphite to yield graphene with the aid of 

sonication was first described by Coleman and co-workers.10 Graphite flakes 

were sonicated gently in N-methyl-2-pyrrolidone (NMP) for half an hour, the 

mixture was centrifuged and the supernatant was collected. The concentration 

of the dispersions was ca. 0.01 mg ml-1. The presence of single-layer graphene  

 

Figure 1. TEM image of single-layer graphene flake from NMP dispersion 

(left) and the corresponding electron diffraction pattern (right). Reproduced 

with permission from ref. 10. Copyright 2008 Nature Publishing Group. 

flakes was confirmed by transmission electron microscopy (TEM, by checking 

the number of layers at the edges, Figure 1), electron diffraction (the intensity 

of the innermost spots is stronger than that of the outer spots) and Raman 

spectroscopy (from the shape of the 2D band). The quality of the graphene 

flakes was analyzed by X-ray photoelectron, infrared and Raman spectroscopy, 

which indicated a low content of defects. Graphene thin films were fabricated 

using a vacuum filtration method, which, after thermal annealing of the 

graphene films showed conductivity comparable to that of reduced graphene 
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oxide. Polymer/graphene nanocomposites were also tested and showed 

enhanced electrical conductivity. The authors also pointed out that the optimal 

solvents for the exfoliation of graphite are those whose surface tension best 

matched with the surface energy of graphene. 

After the first report, other solvents such as dimethylformamide (DMF),13 o-

dichlorobenzene (ODCB),14 perfluorinated aromatic solvents15 and ionic 

liquids16 (Figure 2) were also used to exfoliate graphite into graphene. The 

obtained graphene dispersions consisted mainly of single- and few-layer 

graphene flakes as confirmed by TEM, AFM and Raman spectroscopy. 

Coleman and co-workers further tested the dispersibility of graphene in 40 

solvents and concluded that good solvents for graphene dispersion are those for 

which the Hildebrand solubility parameter is near to δT ∼ 23 MPa1/2 and the 

Hansen solubility parameters are near δD ∼ 18 MPa1/2, δP ∼ 9.3 MPa1/2 and δH 

∼ 7.7 MPa1/2.17 

 

Figure 2. Graphite in ionic liquids before (left) and after (middle) sonication. 

The Tyndall effect of graphene dispersions (right). Reproduced with 

permission from ref. 16. Copyright 2010 Royal Society of Chemistry. 

Mild sonication for short period only yields low concentrations of graphene 

dispersions in the above mentioned solvents. With prolonged sonication, high 
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concentrations of graphene in NMP could be obtained (up to 1.2 mg ml-1).18 

TEM images showed that the size of the graphene flakes reduced as a function 

of time. Raman spectroscopic analysis indicated that the D band intensity 

increased with time as t1/2, which means new edges were created during 

sonication and the defects were mainly distributed on the edge of the graphene 

flakes. Extended sonication of graphite in ionic liquids yields high 

concentrations of graphene dispersions of up to 5.33 mg ml-1.19 High 

concentrations of graphene dispersions can also be obtained by the addition of 

NaOH to the solvents (NMP, N,N-dimethylacetamide and cyclohexanone).20 

NaOH is proposed to intercalate graphite, thereby improving the exfoliation 

efficiency. Organic salts such as sodium citrate can also dramatically enhance 

the exfoliation efficiency up to 123 times.21 

Besides using various solvents, several graphite sources can be used also. For 

example, worm-like exfoliated graphite was used to prepare graphene flakes in 

NMP with the aid of sonication and centrifugation.22 Expandable graphite was 

first heated and then quenched in cooled hydrazine hydrate (20%) or 

concentrated ammonia (28%) to generate single- and few-layer graphene 

flakes.23 

Other methods to disperse graphene in organic solvents have been reported.24-27 

Ball milling is an optional method to exfoliate graphite into graphene.24 Single- 

and few-layer graphene flakes with thicknesses of around 0.8-1.8 nm were 

prepared by ball milling of thin graphite in DMF. The graphene dispersions 

were characterized by TEM, electron diffraction, AFM and Raman 

spectroscopy. The electrical conductivity of the graphene film was ca. 1.2 × 103 

S m-1 at room temperature. Supercritical fluid exfoliation of graphite into 

graphene in NMP, DMF and ethanol was also developed.25 AFM and Raman 

analysis indicated that about 90-95% of the graphene sheets were <8 layers, 

with approximately 6-10% monolayers. Vortex fluidic devices, which produce 
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shear forces, can be used as a ‘soft energy’ source to exfoliate graphite in 

NMP.26 Ionic liquid assisted grinding of graphite into graphene was reported by 

Shang and co-workers.27 The graphene sheets obtained were only two to five 

layers thick. These recent methods significantly broaden the range of 

preparation of graphene dispersions. 

2.3.2 Exfoliation graphene in water/surfactant 

Dispersion of graphene in aqueous solution is appealing for biological 

applications. However, water has a surface tension of 72.8 mJ m-2, which is 

unsuitable for the direct exfoliation of graphite. Coleman and co-workers 

demonstrated that graphite could be exfoliated into single- and few-layer 

graphene with the aid of sodium dodecylbenzene sulfonate (SDBS, Figure 3).28 

An absorption coefficient of α = 1390 mL mg-1 m-1 at 660 nm was determined 

by fitting the absorption data at different graphite concentration. The 

dispersions are stabilized by Coulombic repulsion of the surfactant. X-ray 

photoelectron, infrared and Raman spectroscopies indicate that the graphene 

flakes contain few defects. The graphene films showed  a conductivity of 1.5 × 

103 S m-1 after annealing. Other surfactants such as sodium cholate can also be 

used to exfoliate graphite in aqueous solution.29 The annealed graphene films 

show a conductivity of 1.5×104 S m-1. 
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Figure 3. Absorbance per unit length (λ = 660 nm) as a function of graphite 

concentration at a SDBS concentration of 0.5 mg ml-1. Reproduced with 

permission from ref. 28. Copyright 2009 American Chemical Society. 

The concentrations of the graphene/surfactant dispersions can be further 

improved by sonication for longer periods (up to 0.3 mg ml-1 after 400 h 

sonication).30 The size of the graphene flakes does not decrease with the 

increase in sonication time, and the yield of single-layer graphene can be up to 

10%. High concentrations of graphene dispersions (~ 15 mg ml-1) can be 

prepared by continuous addition of the surfactant during the exfoliation process, 

which is believed to lower the surface tension during sonication.31 Gum Arabic 

assisted exfoliation of graphite in water by sonication was reported by Yu et 

al.32 The surfactant residues could be removed completely by acid hydrolysis to 

produce pure graphene. The fabricated graphene films showed 20 times higher 

electrical conductivity than reduced graphene oxide. 

The properties of graphene depend on thickness, lateral area and shape.33 

Therefore, preparation of monodispersed graphene dispersions is useful for 
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device applications. Graphene flakes with controlled thickness could be 

obtained by density gradient ultracentrifugation of graphene/sodium cholate 

dispersions.34 The sorted graphene flakes were characterized by AFM and 

Raman spectroscopy. Graphene films prepared using this method showed 

enhanced performance in transparent conducting films compared with previous 

sedimentation-based centrifugation approach.  

2.3.3 Solvent exchange method 

Solvents such as NMP, DMF and ODCB, whose surface tensions are close to 

40 mJ m-2, are suitable for the direct exfoliation of graphite to yield graphene. 

However, their high boiling points limit their use in composites and surface 

deposition. In these cases, solvents with low boiling point are preferred. 

However, most low boiling point solvents (for example, water and ethanol) are 

unsuitable for the direct exfoliation of graphite because their surface tensions 

do not match the surface energy of graphene. 

 

Figure 4. An AFM image of graphene from a dispersion of ethanol using the 

solvent exchange method (size: 2.0 × 2.0 µm, ref. 35). 

Recently, our group reported the preparation of graphene dispersion in ethanol 

using a solvent exchange method.35 Graphene was first exfoliated in NMP, and 

the graphene flakes were collected on a membrane by filtration. The filter cake 

was redispersed in ethanol several times to remove residual NMP (<0.3 vol%, 
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as determined by FTIR spectroscopy). After the solvent exchange, the 

concentration of graphene in ethanol can  reach 0.04 mg ml-1. The graphene 

dispersion in ethanol showed at most 20% sedimentation over one week, which 

is comparable to a graphene dispersion in NMP diluted with water (NMP: 

water = 1:99).18 The presence of single-and few-layer graphene flakes in 

ethanol was confirmed by TEM, AFM (Figure 4) and Raman spectroscopy. 

The graphene films showed electrical conductivity of ca. 1130 S m-1. The 

solvent exchange method indicates that the solvent properties that are optimum 

for initial exfoliation are not necessarily the same as those required to maintain 

the dispersion. 

Different approaches to preparation of graphene dispersions in various solvents 

are summarized below (Table 1).  

Table 1. Comparision of available approaches to disperse graphene in solvents 

Ref. Starting materials Solvents Method 
Concentra-

tions/mg ml-1 
Size 

Thickness 

/nm 

Conducti-

vity/S m-1 

10 
Graphite 

powders 
NMP Sonication/0.5 h 0.01 

A few 

µm 

Single- 

and few- 

layer 

6500 

13 
Natural graphite 

crystal 
DMF Sonication/3 h — 

Sub- 

µm 

Single- 

and few- 

layer 

5 kΩ 

14 

Microcrystalline 

synthetic 

graphite/ 

expanded 

graphite/HOPG 

ODCB 

High-shear mix 

1 h plus 

sonication 0.5 h 

0.03/<0.02 
100–

500 nm 

Single- 

and few- 

layer 

1500 

15 
Graphite 

powders 

Perfluorinat

-ed 

aromatic 

solvents 

Sonication/1 h 0.05–0.1 

Sub- 

µm to 

µm 

Single- 

and few- 

layer 

— 
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16 
Natural graphite 

flakes 

Ionic 

liquids 
Sonication/1 h 0.95 µm 

<5 

layers 
— 

18 
Natural graphite 

powders 
NMP 

Sonication 0.5–

462 h 
0.06–1.2 

Several 

µm 

Single- 

and few- 

layer 

1.8±0.1

×104 

19 Graphite flakes 
Ionic 

liquids 

Grinding and 

sonication 24h 
5.33 3–4 µm 

average 

~ 2 nm 
— 

22 
Worm-like 

graphite 
NMP Sonication/0.5 h — 

Several 

µm 

Single- 

and few- 

layer 

— 

24 
Graphite 

nanosheets 
DMF 

Ball milling  

30 h 
— — 

≤ 3 

layers 

(0.8–1.8 

nm) 

1200 

26 Pristine graphite NMP 
Vortex fluidic 

exfoliation/0.5 h 
— ≤ 1 µm 

Single- 

and few- 

layer 

— 

28 Graphite power SDBS/H2O Sonication 0.002–0.05 
Several 

µm 

Single- 

and few- 

layer 

1500 

29 
Natural flake 

graphite 

Sodium 

cholate/H2O 
Sonication 0.05–0.3 

Several 

hundred 

nm to 1 

µm 

Single- 

and few- 

layer 

17500 

32 
Natural graphite 

powder 

Gum 

Arabic/H2O 
Sonication — 

Several 

hundred 

nm to 2 

µm 

Single- 

and few- 

layer 

10000 

35 Graphite flakes Ethanol 

Sonication and 

solvent 

exchange 

0.04 

Several 

hundred 

nm to 

several 

µm 

Single- 

and few- 

layer 

1130 

    — data not available 
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Sonication is still the most commonly used method to prepare graphene 

dispersions in various solvents. Mild sonication with low power input is 

normally needed to prepare graphene flakes with a low defect content. For 

other methods such as high-power ball milling or grinding, care should be 

taken to prevent the introduction of defects on the basal plane of graphene. 

Vortex fluidic, as a relatively soft energy tool, can also be used for the 

exfoliation of graphene, but this method is mainly limited by the availability of 

Vortex fluidic instrument.  

2.4. Functionalization of graphene 

Although graphene can be dispersed in various solvents using the methods 

above, graphene flakes still tend to precipitate in these solvents due to the 

strong π-π interactions between the individual flakes. In order to solve this 

issue and further improve their dispersibility, stability and processability, a 

range of methods to functionalize graphene non-covalently and covalently have 

been developed.36-84 

2.4.1 Functionalization of graphene using noncovalent methods 

Graphene has a large π system, which facilitates π-π interactions with other 

conjugated molecules. The advantage of the noncovalent methods to modify 

graphene is that they do not destroy the sp2 structure of graphene, and have the 

potential to tune the properties of graphene due to the electronic interactions 

with the molecules. 

2.4.1.1 Noncovalent functionalization of graphene in aqueous media 

Aqueous dispersed graphene could be obtained via first grinding expanded 

graphite with 7,7,8,8-tetracyanoquinodimethane (TCNQ) using a mortar and 

pestle, then dimethyl sulfoxide was added to faciliate the diffusion of TCNQ 

into the interlayer of expanded graphite, and finally the mixture was sonicated 
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in aqueous KOH solution (Figure 5).36 The TCNQ anion stabilized graphene 

could also be dispersed in DMF and DMSO. The hybrid materials were 

characterized by TEM, AFM, FTIR and Raman spectroscopy. 

 

Figure 5. Preparation of aqueous graphene dispersions stabilized with the 

TCNQ anion and the redispersion in water, ethanol, DMF and dimethyl 

sulfoxide. Reproduced with permission from ref. 36. Copyright 2008 Royal 

Society of Chemistry. 

Graphite was exfoliated in an aqueous solution of a perylene-based 

bolaamphiphile detergent, which yielded single-layer and few-layer graphene 

flakes in water by taking advantage of π-π and hydrophobic interactions 

between the detergent and graphene.37 The dispersions formed were spin-

coated onto silicon wafers, which were characterized by optical and Raman 

microscopy. AFM showed that the height of the graphene flakes have a 

distribution ranging from 0.5 to 2 nm. A perylene dye covalently linked to 

hydrophilic poly(vinyl alcohol) (PVA) chains was employed to prepare stable 

aqueous graphene dispersions, as demonstrated by UV/Vis absorption and 

Raman spectroscopy.38 The obtained graphene dispersions were used to 
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fabricate transparent and flexible films. The presence of graphene dramatically 

increased the glass transition temperature of PVA. 

Other stable aqueous graphene dispersions were prepared by sonicating 

graphite in the presence of 1-pyrenecarboxylic acid (PCA).39 PCA acted as 

both a molecular wedge to cleave graphite layers, and also as a stabilizer to 

disperse graphene due to π-π interactions between the pyrene unit and graphene. 

Furthermore, the hydrophilic carboxylic acid groups in PCA facilitated 

graphene to form stable dispersion in water. The PCA functionalized graphene 

was used as a sensor to detect ethanol vapor, and the resistance of the 

functionalized graphene changed rapidly > 10000 %. This can be potentially 

used for breathalyzers and industrial alcohol leakage sensing. Ultracapacitors 

with very high specific capacitance (~ 120 F/g), power density (~ 105 kW/Kg), 

and energy density (~ 9.2 Wh/Kg) were also fabricated using this 

functionalized graphene.39 The PCA functionalized graphene were  also 

laminated onto flexible and transparent polydimethylsiloxane (PDMS) 

membranes.40 The hybrid structure can block 70-95% of ultraviolet (UV) light, 

while allowing ≥ 65% transmittance in the visible region. The PCA-graphene-

PDMS hybrids could potentially be used in flexible UV absorbing/filtering 

applications. Furthermore, the electrical resistance of these structures showed 

high sensitivity to visible light, pressure change and the presence of molecular 

analytes.  

An amphiphilic pyrene was employed to exfoliate graphite into single- and bi-

layer graphene flakes in aqueous solution (Figure 6).41 The π-π interactions 

between the pyrene units and graphene were confirmed by UV/Vis absorption 

and fluorescence spectroscopy. AFM measurements indicated that the graphene 

flakes were composed of single-layer sheets with a thickness of ca. 2 nm. TEM 

and SEM images showed that the sizes of the graphene flakes are 2–4 µm in 

diameter. Raman spectra demonstrated that the graphene dispersions 
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predominantly consisted of single- and bi-layer graphene flakes. The prepared 

graphene films showed high transparency and conductivity. Pyrene-conjugated 

hyaluronan could also be used to exfoliate graphite in water with the assistance 

of sonication, and the hybrid material could have potential biomedical 

applications.42  

 

Figure 6. Exfoliation of graphite using an amphiphilic pyrene 1. Reproduced 

with permission from ref. 41. Copyright 2011 Royal Society of Chemistry. 

p-Phosphonic acid calix[8]arene assisted exfoliation and stabilization of 

graphene dispersions in water was reported by Raston and co-workers.43 The as 

prepared graphene was characterized by XPS, TEM, AFM, SEM and Raman 

spectroscopy. Non-covalent functionalization of graphene in water using 

triphenylene derivatives was demonstrated by Green et al.44 The obtained 

graphene dispersions were mixed with poly (vinyl alcohol) using a simple 

solution casting process. The composites showed enhanced mechanical and 

electrical properties at low filler fraction.    

Water dispersible graphene/porphyrin hybrids were obtained by combining a 

positively charged pyrene derivative and negatively charged porphyrins.45 The 

hybrid materials were characterized by UV and fluorescence titration 

experiments. Photoelectrodes were fabricated using the hybrid materials 

through layer by layer deposition, and a photocurrent response of up to 360 nA 

was achieved. CdTe quantum dots were also immobilized onto graphene to 
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form stable aqueous dispersions.46 Two strategies were used to incorporate 

CdTe quantum dots onto graphene (Figure 7). In the first appoach, CdTe 

quantum dots were covalently modified with pyrene, which provided for π-π 

interactions with exfoliated graphite. In the second method, positively charged 

pyrene was used to exfoliate graphite into water, and subsequently negatively 

charged CdTe quantum dots were immobilized via electrostatic interactions. 

From spectroscopic measurements, it is evident that the degree of graphene 

exfoliation affected very much the electronic communication between graphene 

and the CdTe quantum dots. A clear transient bleach in the near-infrared region 

was observed in the hybrid materials. 

 

Figure 7. The two approaches to prepare graphene/CdTe quantum dots hybrid 

materials. Reproduced with permission from ref. 46. Copyright 2012 American 

Chemical Society. 

In a more recent report, diazaperopyrenium dications were used to assist the 

direct exfoliation of graphite into graphene in aquous media.47 The graphene 
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dispersions were stable for more than three weeks without precipitation. 

Several microscopic and spectroscopic measurements were performed to 

confirm the exfoliation behavior of graphene in water. Fluorescence quenching 

of the hybrid material indicated interactions between graphene and the 

diazaperopyrenium dications in the excited state. 

2.4.1.2 Noncovalent functionalization of graphene in organic media 

Graphite can be exfoliated in NMP using both porphyrins and ammonium 

ions.48 The proposed mechanism is that first a ammonium ion intercalates the 

interlayer of graphite followed by porphyrin induced exfoliation. The 

graphene/porphyrin hybrid materials were characterized by TEM, AFM, FTIR, 

UV/Vis absorption and Raman spectroscopy. A zinc phthalocyanine-poly(p-

phenylene vinylene) oligomer was used to exfoliate graphite forming stable 

graphene dispersions in THF.49 The functionalized graphene was characterized 

by TEM, UV/Vis absorption and Raman spectroscopy. Transient absorption 

measurements indicated electron transfer from zinc phthalocyanine to graphene 

took place upon excitation. Using a similar method, the same group also 

prepared porphycenes/graphene hybrids, which were studied by TEM, UV/Vis 

absorption, FL and Raman spectroscopy.50 Time-resolved photophysical 

measurements confirmed electron transferred from graphene to porphycenes, 

which is the first report on the electron donating features of graphene in 

solution. Dye-sensitized solar cells (DSSCs) was also tested using the 

porphycenes/graphene hybrids, which led to an improved device performance 

due to the efficient electron transfer process from graphene to porphycene and 

finally to the ZnO photoanode. 

Phthalocyanines and porphyrins bearing four pyrene units were used to form 

donor-acceptor hybrids with graphene through π-π interactions (Figure 8).51 

Femtosecond transient absorption spectroscopy indicated that ultrafast charge 

separation and relatively slow charge recombination processes occurred. 
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Noncovalent functionalization of graphene in NMP using dendronized perylene 

bisimides was reported by Hirsch and co-workers.52 The electronic interactions 

between graphene and dendronized perylene bisimides were confirmed by 

fluorescence quenching. 

 

Figure 8. Chemical structures of phthalocyanine and porphyrin bearing four 

pyrene units. Reproduced with permission from ref. 51. Copyright 2012 Royal 

Society of Chemistry. 

Benzylamine-assisted noncovalent exfoliation of graphite in isopropyl/water 

mixture was reported by Kuo et al.53 The exfoliated graphene, with a low defect 

content, was characterized by TEM and Raman spectroscopy. Platinum 

nanoparticles were anchored to the graphene with benzylamine as a stabilizer. 

The graphene/platinum hybrids were used as electrode material, which showed 

increase catalytic activity toward methanol oxidation compared with 

commercial electrodes. A similar system composed of graphene/1-

pyrenamine/platinum was developed.54,55 The hybrid materials exhibited higher 

electrocatalytic activity (1.4 times) and stability (3.5 times) toward methanol 

oxidation than commercial Pt/Vulcan XC-72R catalysts. Melamine was also 

used to exfoliate graphite using a ball-milling method.56 The graphene flakes 
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were characterized by XPS, TEM, UV/Vis absorption and Raman spectroscopy, 

indicating that few-layer graphene flakes with low defects were prepared. The 

dispersions were stable in water and DMF for weeks. 

1-Cyanoethyl-2-ethyl-4-methylimidazole was employed as a stabilizer for 

graphene dispersions in acetonitrile and also acted as a reducing agent for silver 

to enable silver nanoparticles to  deposit on graphene flakes.57 Highly 

conductive epoxy-based composites were prepared by using the graphene/silver 

nanoparticles obtained as a nanoscale filler. Non-covalent functionalized 

graphene using 1-pyrenebutyric acid was incorporated into the epoxy matrix, 

and the nanocomposites showed enhanced mechanical properties and thermal 

conductivity due to the homogeneous dispersibility and compatibility of 

graphene with the polymer matrix.58 

Poly(fluorene-alt-phenylene) appended with redox-active anthraquinone 

moieties and graphene hybrid materials, obtained with the help of mild 

sonication in NMP, were reported by Segura and co-workers.59 The presence of 

the conjugated polymer was confirmed by UV/Vis absorption spectroscopy. 

The interactions between the polymer and graphene were characterized by 

fluorescence quenching and the anodic shift of the reduction potential of 

anthraquinone as described by cyclic voltammetry (0.81 V). Oligothiophene-

terminated poly(ethylene glycol) was used to exfoliate graphite to yield 

graphene in ethanol.60 Graphene films were fabricated from the exfoliated 

graphene dispersions by vacuum filtration. The film shows high performance 

with a sheet resistance of 0.3 kΩ sq-1 and a transparency of 74% at 550 nm 

after being treated with nitric acid and thionyl chloride. Nitric acid and thionyl 

chloride were used to remove the surfactant residues, and also increase the 

transmittance and conductivity of the graphene films. Water-soluble polymer 

functionalized graphene dispersions in dimethyl sulfoxide were prepared by 

Wang and co-workers.61 The polyvinyl pyrrolidone (PVP)/graphene based 
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catalyst showed better methanol oxidation performance than the prepared 

PVP/reduced graphene oxide catalyst. Poly(4-vinylpyridine)/graphene hybrids 

were also prepared and showed a stable and reversible response to pH change, 

which  could potentially be used in sensors. Pyrene-based amphiphilic block 

copolymer exfoliated graphene in aqueous and organic media was also 

reported.62 The as prepared graphene/polymer composites showed enhanced 

tensile strength compared with pristine graphene. 

2.4.2 Functionalization of graphene using covalent methods 

Covalent functionalization of graphene has recently seen increased attention, as 

it potentially provides more stable and robust hybrid materials compared with 

noncovalent functionalized graphene. Covalently functionalized graphene can 

also be used for subsequent chemical processes, which are incompatible with 

noncovalently functionalized graphene. Although the chemical reactivity of 

graphene is less than that of fullerenes and carbon nanotubes, the wrinkled and 

folded structure and defects present in graphene can increase its reactivity 

towards organic reagents.63,64 

2.4.2.1 1,3-Dipolar cycloaddition 

The 1,3-dipolar cycloaddition reaction was performed previously on fullerenes 

and carbon nanotubes.65 Recently, it was also successfully applied to 

graphene.66-68 Georgakilas and co-workers prepared hydroxyl functionalized 

graphene by reacting graphene with N-methyl-glycine and 3,4-

dihydroxybenzaldehyde in a mixture of pyridine/DMF.66 The increased D to G 

band ratio in the Raman spectra indicate the successful functionalization of 

graphene. The functionalization degree was estimated to be one functional 

group per 40 carbon atoms. The hydroxyl functionalized graphene showed 

good dispersibility in ethanol and DMF. Using gold nanorods as an indicator, 
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Prato  and co-workers demonstrated that the 1,3-dipolar cycloaddition reaction 

can occur both on the edges and basal plane of graphene (Figure 9).67 

 

Figure 9. 1,3-Dipolar cycloaddition functionalized graphene derivatives with 

amino groups can selectively bind to gold nanorods. Reproduced with 

permission from ref. 67. Copyright 2010 American Chemical Society. 

Photoactive materials such as porphyrins and Pd (II)-porphyrin were 

chemically attached onto graphene by Feringa et al (Figure 10).68 The presence 

of porphyrin was confirmed by UV/Vis spectroscopy and XPS. Fluorescence 

and phosphorescence quenching together with decreased excited state lifetimes 

indicate that energy- and/or electron-transfer quenching between graphene and 

the covalently bound porphyrins occurs. The relatively low content of 

prophyrin in the hydrids is benefical to retain the inherent properties of 

graphene. The hybrid materials could be potentially used in electrochemical 

cells and catalysis.69  

 

Figure 10. Synthesis of graphene-porphyrin hybrids (ref. 68). 
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Later on, Guldi et al. reported that phthalocyanines were chemically linked to 

graphene using a similar method.70 Physicochemical measurements revealed an 

ultrafast charge separation from the phthalocyanines to graphene followed by a 

slower charge recombination. Triphenylamine functionalized graphene was 

also prepared and modified with platinum nanoparticles.71 The hybrid materials 

was used as a photocatalyst for H2 evolution. 

2.4.2.2 Zwitterion cycloaddtion 

Functionalized graphene can also be obtained through a zwitterion intermediate 

cycloaddition approach on solvent dispersed graphene flakes as shown by 

Feringa and co-workers.72  4-Dimethylaminopyridine (DMAP) adds to the 

triple bond of acetylene dicarboxylates to form a zwitterionic intermediate, 

which then reacts with a double bond of graphene followed by reaction with 

the carbonyl group. Finally, the positively charged DMAP moiety is substituted 

by an alkoxy group, yielding the functionalized graphene product (Figure 11). 

The functionalized graphene obtained formed stable dispersions in common 

solvents, including DMF, CHCl3 and water. Its dispersion in water is especially 

useful in a wide range of areas, such as composites, devices and biological 

applications. 

 

Figure 11. Preparation of functionalized graphene using a zwitterion 

cycloaddition approach (ref. 72). 
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2.4.2.3 Nitrene addition 

Barron and co-workers reported the functionalization of exfoliated graphene 

using azido-phenylalanine by doing a nitrene addition.73 The degree of 

functionalization of the covalently modified graphene flakes is 1 phenylalanine 

substituent per 13 carbons as determined by X-ray photoelectron spectroscopy 

(XPS). The functionalization took place on the edges and basal plane of 

graphene. Valiyaveettil et al. demonstrated functionalization of 

surfactant/graphene flakes using alkyl azides.74 The alkyl functionalized 

graphene showed enhanced dispersibility in acetone and toluene. The free 

carboxylic acid groups at the end of alkyl chains can be used to bind gold 

nanoparticles, which acted as markers for the reactive sites on graphene. 

 

Figure 12. Fuctionalization of graphene with perfluorophenylazides using 

nitrene addition. Reproduced with permission from ref. 75. Copyright 2010 

American Chemical Society. 

Perfluorophenylazides were reacted with graphene by photochemical or 

thermal activation (Figure 12).75 Alkyl, ethylene oxide or perfluoroalkyl groups 
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were attached to graphene, which provided either organic or water dispersible 

graphene. In a recent report by Li and co-workers,76 graphene was 

functionalized with tetraphenylethylene by nitrene addition and the obtained 

functionalized graphene showed good dispersion stability in both polar and 

apolar solvents. 

2.4.2.4 Nucleophilic addition 

A zinc phthalocyanine−graphene hybrid material was prepared by 

Tagmatarchis and co-workers using nucleophilic addition of primary amines to 

exfoliated graphene (Figure 13), which was obtained by sonication in ODCB.77  

 

Figure 13. Covalent functionalization of graphene with zinc phthalocyanine 

using nucleophilic addition. Reproduced with permission from ref. 77. 

Copyright 2012 American Chemical Society. 

The hybrid material was stable in common organic solvents without 

precipitation for several weeks. The degree of functionalization of the hybrid 

was 1 zinc phthalocyanine per 518 carbon atoms determined by TGA. 

Spectroscopic studies indicate that electronic interaction occurs between 
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graphene and phthalocyanine both in the ground and excited state. The zinc 

phthalocyanine-graphene hybrid was used as a photoanode in a 

photoelectrochemical cell, which showed a prompt, stable, and reproducible 

photocurrent. 

2.4.2.5 Bingel reaction 

Highly functionalized graphene can also be obtained using the Bingel reaction, 

in which cyclopropanated malonates covalently attach to the double bond of 

the graphene lattice.78 In this case, graphene flakes were prepared by sonication 

of graphite in benzylamine. Then the exfoliated graphene flakes were reacted 

with bromo-malonates in the presence of 1,8-diazabicycloundec-7-ene (DBU) 

under microwave irradiation conditions (Figure 14). The functionalized 

graphene materials form stable dispersions in common organic solvents and 

were characterized by several spectroscopic and microscopy techniques. The 

authors also pointed out that the choice of solvent for the reaction is crucial for 

the production of functionalized graphene. This method was used to link redox-

active tetrathiafulvalene (TTF) units covalently to graphene. Electrochemical 

measurements indicated the formation of a radical ion pair between graphene 

and TTF. 
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Figure 14. Preparation of functionalized graphene using Bingel reaction. 

Reproduced with permission from ref. 78. Copyright 2010 American Chemical 

Society. 

In a recent report, TEMPO radicals were covalently attached on graphene using 

the Bingel reaction.79 The TEMPO radical modified graphene was 

characterized by TGA, Raman, XPS and also electron paramagnetic resonance 

(EPR) measurements. Transport measurements indicate that the properties of 

graphene were affected by the density of radicals attached. A low field 

magnetoresistance (LFMR) effect was also observed at low temperatures for 

the hybrid material. 

2.4.2.6 Radical addition 

Radical addition of perfluorinated alkyl iodides to graphene was performed 

under thermal or UV photolysis conditions.80 Graphene flakes was prepared by 

sonication graphite in ODCB. The perfluorinated functionalized graphene was 

characterized by XPS, Raman and AFM measurements, and also showed 
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enhanced dispersibility in CHCl3. Polystyrene functionalized graphene can be 

obtained by sonication of graphite in styrene via a one step sonochemically 

initiated radical polymerization.81 The successful functionalization of graphene 

with polystyrene was confirmed by XPS, FTIR and Raman spectroscopy. The 

morphology of both graphene and functionalized graphene was characterized 

by AFM, TEM and SEM. The content of polystyrene in the functionalized 

graphene is about 18%, as determined by TGA. The graphene-polystyrene 

hybrid material forms stable dispersions for several months in common organic 

solvents, such as DMF, THF, toluene, and chloroform, which provides 

potential for their use in graphene-based composites materials.  

 

Figure 15. Functionalization of exfoliated graphene using Bergman cyclization. 

Reproduced with permission from ref. 82. Copyright 2012 Wiley. 

Another example of graphene-polymer hybrid was prepared using Bergman 

cyclization.82 Enediyne-containing dendrimers were reacted with graphene in 

NMP through addition and propagation of diradicals, which formed conjugated 

polymers on graphene (Figure 15). The functionalized graphene was 

characterized with AFM, FTIR and Raman spectroscopy. The degree of 

functionalization was 1 functional group per ~ 960 carbon atoms according to 

TGA. The low degree of functionalization of graphene allows the sp2 structure 
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of graphene to be preserved, which results in good electrical conductivity of the 

functionalized graphene. The graphene-polymer products form stable 

dispersions in NMP, DMF, ODCB, THF, chloroform, toluene and ethyl acetate. 

2.4.2.7 Click chemistry 

The click reaction on graphene was reported by Strano and co-workers.83 

Graphene flakes were prepared by sonication of graphite in sodium cholate 

solution. Alkyne terminated groups were then introduced onto graphene via a 

diazonium reaction (Figure 16). Subsequently, polyethylene glycol chains were 

attached onto graphene using the azide–alkyne cycloaddition reaction. The 

functionalized graphene was characterized by FTIR and Raman spectroscopy. 

It forms stable dispersions in water after dialysis to remove the surfactant. The 

functionalized graphene dispersions also show increased zeta-potential and 

surface tension compared to pristine graphene dispersions. Raman mapping 

suggested that edges and defects are the preferred reactive sites. 

 

Figure 16. Functionalization of graphene using the diazonium reaction and 

subsequent click reaction. Reproduced with permission from ref. 83. Copyright 

2011 American Chemical Society. 
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2.4.2.8 Hydrogenation 

Graphite powder was hydrogenated using lithium in liquid ammonia with tert-

butyl alcohol as the source of protons (Figure 17).84 The hydrogenated 

graphene was highly exfoliated, which was characterized by XRD, AFM and 

electron microscopy. The chemical composition of the hydrogenated graphene 

was expressed as (C1.3H)n determined by elemental analysis. Electron energy 

loss spectroscopy mapping studies showed that both the basal plane and edges 

of graphene were covered by hydrogen. UV/Vis absorption spectroscopy of the 

hydrogenated graphene indicated a large band gap of ∼4 eV. Using a similar 

method, Hirsch and co-workers reported the preparation of polyhydrogenated 

graphene by reacting graphite in NH3/ND3 with Li, using H2O/D2O as the 

quenching reagents.85 The polyhydrogenated graphene was characterized by 

TGA, 13C NMR, XPS, FTIR and Raman spectroscopy. The exfoliation of the 

functionalized graphene was confirmed by AFM. The polyhydrogenated 

graphene showed strong fluorescence, indicating that isolated and 

electronically decoupled domains of π-conjugated regions are formed. 

 

Figure 17. Chemical hydrogenation of graphene. Reproduced with permission 

from ref. 84. Copyright 2012 American Chemical Society. 

Table 2 summarizes the various methods and conditions used for the covalent 

functionalization of graphene. 
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Table 2. Comparison of approaches to covalent functionalization of graphene 

Ref. 
Graphene 

materials 
Reagents Methods 

Temperature 

/Time 

Characterization 

techniques 

Functionali-

zation degree 

66 
Graphene in 

pyridine/DMF 

N-methyl-glycine and 

3,4-

dihydroxybenzaldehyde 

1,3-Dipolar 

cycloaddition 

145–150 oC 

96 h 

TEM, AFM, Raman, 

TGA, FTIR and UV 

Every 40 carbon 

atoms 

67 
Graphene in 

NMP 

Paraformaldehyde and 

modified α-amino acid 

1,3-Dipolar 

cycloaddition 
125 oC/5 d 

TEM, Raman, XPS, 

TGA and UV 

Every 128 carbon 

atoms 

68 
Graphene in 

ODCB 

Sarcosine and aldehyde 

porphyrins 

1,3-Dipolar 

cycloaddition 
160 oC/7 d 

UV, TGA, XPS, 

FTIR, Raman, TEM, 

emission and lifetime 

measurements 

Every ~ 240 

carbon atoms 

72 
Graphene in 

toluene 

DMAP and acetylene 

dicarboxylates 

Zwitterion 

cycloaddition 
85 oC/3 d 

FTIR, TGA, TEM, 

Raman and control 

Every ~ 10 or ~ 

50 carbon atoms 

73 
Graphene in 

ODCB 
Azido-phenylalanine 

Nitrene 

addition 
165 oC/4 d 

TEM, AFM, Raman, 

STEM, TGA, IR and 

XPS 

Every 13 carbon 

atoms 

77 
Graphene in 

ODCB 

(2-aminoethoxy)(tri-

tert-butyl) zinc 

phthalocyanine 

Nucleophilic 

addition 
120 oC/96 h 

TEM, AFM, DLS, 

Raman, TGA, UV, 

emission, time-

resolved transient 

absorption, EPR and 

photoelectrochemical 

measurements 

Every 518 carbon 

atoms 

78 
Graphene in 

benzylamine 

Bromo-malonates and 

DBU 

Bingel  

reaction 

130 oC/180 s 

Raman, TGA, TEM, 

UV, IR and cyclic 

voltammetry 

Every ~ 44 or ~ 

198 carbon atoms 

82 
Graphene in 

NMP 

Enediyne-containing 

dendrimers 

Bergman 

cyclization 
Reflux/16 h 

TGA, FTIR, Raman, 

AFM and DSC 

Every ~ 940 or ~ 

980 carbon atoms 
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83 
Graphene in 

water/SDS 

4-

propargyloxybenzene-

diazonium 

tetrafluoroborate and 

azido-PEG-COOH 

Diazonium 

reaction and 

click 

chemistry 

45 oC/8 h,  

RT/18 h 

FTIR, UV, zeta-

potential and Raman 
— 

84 

Graphite/ 

lithium in 

liquid 

ammonia 

tert-Butyl alcohol 
Birch 

reduction 

-78 oC/1 h,  

-33 oC /4 h 

Raman, FTIR, TGA, 

NMR, UV, XPS, 

elemental analysis, 

XRD, AFM, SEM and 

TEM 

(C1.3H)n 

— data not available 

2.5. Conclusions and future aspects 

The preparation of graphene using the solvent dispersion method has already 

seen impressive progress during the last five years. Single- and few-layer 

graphene flakes with relatively small size can be prepared in various solvents. 

Toward future improvements of the solvent dispersion method of graphene, the 

preparation of graphene with large size and low content of defects is highly 

desirable. Also, developing new mild and effective method to exfoliate graphite 

to graphene is appealing. Controlling the nature of the graphene flakes and 

selecting graphene flakes with uniform thickness and size, and avoiding of 

contamination  are important aspects for device applications. 

The functionalization of graphene using noncovalent and covalent approaches 

has seen major developments over the past decade, especially combining 

graphene with functional molecules bearing photoactive or redox active units. 

However, functionalization of graphene is still immature. For the noncovalent 

functionalization of graphene, methodology for understanding the charge 

transfer process and the spatial distribution of charge carriers will be 

fundamentally important to further design novel graphene-based hybrid 

materials.   

Covalent functionalization on graphene may affect the electronic properties of 

graphene. Therefore, controlling the degree of functionalization of graphene is 
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important for graphene-based device applications. Site selective functionalized 

graphene, for example, edge selective functionalized graphene, is expected to 

preserve the intrinsic properties of graphene and at the same time may 

introduce novel properties to these hybrid materials. On the other hand, 

incorporating covalently functionalized graphene into polymers or other 

matrices is expected to allow nanocomposites with enhanced mechanical, 

electrical and thermal properties to be fabricated. In particular, milder 

approaches to covalent functionalization of graphene still need to be developed 

to broaden the chemistry of graphene and their applications. 
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Chapter 3 

Dispersion of graphene in ethanol using a simple solvent exchange method 

 

Abstract 

The preparation of a dispersion of graphene in ethanol was achieved using 

solvent exchange from N-methyl-2-pyrrolidone (NMP). The dispersion is 

relatively stable and the small amount of sedimentation can be redispersed by 

mild sonication. The graphene sheets contain few defects and the conductivity 

of the film is 1130 S m-1 after drying under vacuum at room temperature for 24 

h. Considering the low boiling point of ethanol, this method will be useful in 

the preparation of composites, surface deposition and fabrication of graphene 

based materials, and will help to find other low boiling point solvents to 

disperse graphene. 
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3.1 Introduction 

Since its isolation by Geim and coworkers in 2004,1 graphene has attracted 

widespread attention due to its unique properties, such as room temperature 

quantum effects, ambipolar electric field effects, and high carrier mobility.2 

Graphene of less than 10 layers shows properties distinct from those of bulk 

graphite3 and hence single- and few-layer graphenes are highly attractive 

materials for electronics, composites and devices. As with carbon nanotubes, a 

major problem encountered is the preparation of graphene on a large scale. To 

date, several methods have been reported, including mechanical,1 epitaxial,4,5 

reduction of graphene oxide,6-10 and solvent dispersion of graphite.11-14 Though 

the mechanical method can yield high quality single-layer graphene sheets, it is 

time consuming and features low throughput, which makes it unsuitable for 

large scale production. There are also reports on epitaxial growth of graphene 

on metal substrates,4,5 but this process requires high temperatures and 

subsequent transfer of the sample to other substrates. Compared with these 

methods, the reduction of graphene oxide and solvent dispersion of graphite 

have obvious advantages, such as scalable production and ease of solution 

processing. For example, chemical or thermal treatment of graphene oxide 

provides a material that is conductive and can be used in device applications.9,10 

However, the reduced graphene oxide still contains defects and the original 

properties of graphene are not recovered.15 Recently, several groups have 

shown that graphene can be prepared by exfoliation of graphite in certain 

solvents, such as N-methyl-2-pyrrolidone (NMP),11 dimethylformamide 

(DMF),12 and o-dichlorobenzene (ODCB)13 to produce single and few-layer 

graphene sheets. These solvents have surface tensions close to 40 mJ m-2, and 

are suitable for direct exfoliation of graphite.11 However, these solvents hold 

their own disadvantages. Their high boiling points limit their viability for real 

manipulation. Thus, dispersion of graphene in low boiling solvents without 

surfactants or other stabilizers is useful in many applications. For example, in 
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composites and surface deposition, low boiling point solvents are preferred. 

However, most low boiling solvents, for example, water and ethanol, have 

surface tension (72.8 mJ m-2 and 22.1 mJ m-2, respectively) that are unsuitable 

for the direct exfoliation of graphite. Therefore, a more suitable method is 

required.  

Coleman and coworkers recently reported that graphene could be prepared by 

exfoliation of graphite in a surfactant/water solution, to yield large amounts of 

few-layer graphene sheets and small quantities of single-layer graphene sheet 

with the aid of the surfactant.16 

In this chapter, we report the discovery that graphene can form a relatively 

stable high concentration dispersion in ethanol using a solvent exchange 

process from NMP. The preparation of the graphene dispersion in ethanol is 

confirmed by spectroscopic and microscopic methods, and the generated film 

shows good conductivity. 

3.2 Results 

The preparation of the graphene dispersion in ethanol is shown in Scheme 1. 

Approximately, 200 mg of graphite in 200 ml NMP was sonicated for 2 h, and 

centrifuged at 4000 rpm for 30 min to remove large and thick particles. The 

supernatant of graphene in NMP was decanted, and 150 ml of the above 

supernatant was filtered through a 0.45 µm nylon membrane. The obtained 

filter cake was dispersed in 50 ml ethanol with mild sonication and filtered 

again. This process was repeated five times (each time with 50 ml ethanol and 

ca. 10 min of sonication) and finally the filter cake was redispersed in 30 ml 

ethanol. This suspension was centrifuged at 1000 rpm for 30 min, the 

supernatant was decanted and further sonicated for several minutes to give the 

required homogeneous graphene dispersion in ethanol (the sample vial was 

sealed to prevent evaporation of ethanol). 
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Scheme 1. Procedure for the preparation of graphene in ethanol: (a) sonicate 

for 2 h, (b) centrifuge at 4000 rpm/30 min, (c) filter, redisperse the filter cake in 

ethanol, and repeat this process 5 times, (d) redisperse the filter cake in ethanol, 

centrifuge at 1000 rpm/30 min, then pipette the supernatant and sonicate for 

several minutes. 

Using the solvent exchange process, graphene can form a relatively stable 

dispersion in ethanol, at a concentration of up to 0.04 mg ml-1 (Fig. 1a, right). 

Fig. 1b shows the absorption spectrum of graphene in ethanol after dilution 

with ethanol, which is flat and featureless. Over one week, the sample shows at 

most 20% sedimentation (as determined by UV/Vis absorption spectroscopy). 

A graphene dispersion in NMP diluted with water (NMP : water = 1 : 99) 

shows 25% sedimentation over 160 h,17 which is slightly higher than graphene 

in ethanol. In addition, the sedimentation in ethanol can be redispersed by mild 

sonication. By contrast, as a control, graphite which was directly sonicated in 

ethanol for several hours, showed complete precipitation on standing for 4 h 

(Fig. 1a, left). The repeated washing steps using the solvent exchange method 

yield a stable dispersion of graphene in ethanol containing < 0.3 vol% NMP 

(Fig. 1c). 
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Figure 1. (a) Direct sonication of graphite in ethanol results in complete 

precipitation after 4 h (left) while a relatively stable graphene dispersion in 

ethanol is obtained using the solvent exchange process (right). (b) UV/Vis 

absorption spectrum of graphene in ethanol after dilution with ethanol. (c) 

FTIR spectrum of graphene in ethanol with 0.5% KSCN (solid line), and 

ethanol with 0.5% KSCN plus 0.3% NMP (dotted line). The contents of KSCN 

and NMP are expressed in vol%. KSCN was used as a reference, and the 

volume content of KSCN in the two samples are identical. The spectra were 

obtained by dropping a certain volume (5 μl) of the two samples on the FTIR 

crystal plate, followed by 128 scans after the evaporation of ethanol. The 

spectrum of ethanol with 0.5% KSCN plus 0.3% NMP shows a stronger NMP 

signal than graphene in ethanol containing 0.5% KSCN alone, which indicates 

that the content of NMP should be below 0.3% volume for the sample of 

graphene in ethanol. 
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Figure 2. TEM images of a single-layer graphene sheet (a), the corresponding 

electron diffraction pattern of the sheet (b), a bi-layer graphene sheet (c), and 

few-layer graphene sheets (d). 

Transmission electron microscopy (TEM) was performed to investigate the 

quality and exfoliation behaviour of the graphene sheets obtained in ethanol. 

Fig. 2a shows a single-layer graphene sheet, which is confirmed by the 

corresponding electron diffraction pattern (Fig. 2b). The intensity of the 

innermost spots is stronger than the outer spots, indicating it is a single-layer 

graphene sheet.11 Checking the edge of the sheets showed that some bi-layer 

graphene sheets were also present (Fig. 2c). In addition, a large number of few-

layer graphene sheets were observed, as shown in Fig. 2d. There are also some 

graphene nanoribbons in the graphene dispersion of ethanol (Fig. 3). This 

indicates that graphene in ethanol predominantly consists of single- and few-

layer graphene sheets. 
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Figure 3. Additional TEM images of graphene in ethanol. 

The exfoliation of graphene in ethanol is confirmed by tapping mode atomic 

force microscopy (AFM). The sample was prepared by drop casting the 

graphene dispersion in ethanol onto a hot mica surface to enable rapid 

evaporation of ethanol. Fig. 4 shows a large graphene flake composed of a 

single- or bi-layer graphene sheet. This assignment is based on the sheet height 

of ca. 1.3 nm, which is in agreement with the height of 1-2 nm observed 

elsewhere for single- or bi-layer graphene sheets.11,16 Analysis of the height of 

the flakes indicates that most of the graphene sheets are below 10 nm. 
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Figure 4. An AFM image of graphene from ethanol by drop-casting onto 

freshly cleaved mica. The scan area is 2.0 × 2.0 µm. 

Raman spectroscopy was employed to analyze the quality of the graphene 

sheets obtained using this solvent exchange method. The most prominent 

Raman features for graphitic materials are: a defect-induced D band at 1350 

cm-1, an in-plane vibration of sp2 carbon at 1580 cm-1 (G band), and a two 

phonon double resonance process at about 2700 cm-1 (2D band).18,19 As shown 

in Fig. 5a, the D band of graphite is weak, while graphene shows a small D 

band. The relatively low intensity of the D band indicates that the graphene 

flakes contain few defects. According to Coleman and coworkers,16 these 

defects are predominantly located at the edges of the graphene flakes, and the 

basal plane of the flakes are relatively defect free. In the present case, the small 

size of the flakes precludes spatial mapping of the defects and hence 

identification of their location on the edge or in the basal plane. However, the 

positions and shapes of the spectra (2D band) of graphene indicates that the 

graphene flakes are a mixture of single- and few-layer graphene.11,18 Additional 
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evidence of the low defect content is also provided by FTIR spectroscopy (Fig. 

5b). The spectrum of graphene flakes from ethanol is almost featureless, 

confirming the low content of defects in the graphene sample. 

 

Figure 5. (a) Raman spectra of graphene from an ethanol dispersion (solid line) 

and graphite (dotted line). (b) FTIR spectrum of graphene from ethanol. The 

spectrum is almost featureless, confirming the low content of defects in the 

graphene sample. 

The conductivity of the film from graphene in ethanol was also determined 

using the standard four-point probe method. The film was made by vacuum 

filtration of graphene dispersions in ethanol. The film shows a conductivity of 

1130 S m-1 after drying under vacuum at room temperature for 24 h (without 

annealing). This value is comparable with the reported conductivity value 
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(1500 S m-1) of an annealed graphene film (250 oC in Ar/N2) from a 

surfactant/water system,16 and also the conductivity (1200 S m-1) of graphene 

powder using the wet ball milling exfoliation method.20 

The same solvent exchange process was also applied using other solvents, such 

as methanol, dichloromethane (DCM) and toluene. However, graphene was 

found to completely precipitate after the final centrifugation process (1000 

rpm/30 min) in these three solvents. 

 

Figure 6. Precipitates obtained from the solvent exchange process, as described 

for ethanol, applied using methanol, dichloromethane and toluene. 

3.3 Discussions 

The reason for the difference between ethanol and other solvents is rationalized 

as follows. NMP is a good solvent for the exfoliation of graphite, which 

produces single- and few-layer graphene sheets.11,17 After the filtration process, 

the filter cake still contains single- and few-layer graphene flakes. During the 

solvent exchange process, the above materials were redispersed into the 
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corresponding solvents. However, the interactions of graphene with different 

solvents are not the same, so the dispersion behaviours in these solvents are 

different. Ethanol shows better dispersibility and stability than the other three 

solvents. However, the exact mechanism of stabilization in ethanol is still not 

clear, and needs further study. Importantly it should be noted that direct 

exfoliation in ethanol leads to much reduced stability compared with initial 

exfoliation in NMP followed by solvent exchange with ethanol. This indicates 

that the solvent properties that are optimum for initial exfoliation are not 

necessarily the same as that required to maintain the dispersion. 

These data are consistent with the molecular dynamics simulations by Shih et 

al.21 When the solvent-graphene interaction is not strong enough to overcome 

the π-π interactions between the graphene sheets, the solvent itself cannot 

directly exfoliate graphite. However, once the graphene sheets are dispersed in 

the solvent, the solvent molecules confined between the graphene sheets 

generate a high energy barrier which repels the sheets by steric repulsions 

between the solvent molecules and the graphene sheets. 

3.4 Conclusions 

In summary, we present a simple solvent exchange method to prepare graphene 

in ethanol, which consists of single- and few-layer graphene sheets. The 

dispersion is relatively stable and the small amount of sedimentation can be 

redispersed by mild sonication. The graphene sheets contain few defects and 

the conductivity of the film is 1130 S m-1 after drying under vacuum at room 

temperature for 24 h. Considering the low boiling point of ethanol, this method 

will be very useful in the preparation of composites, surface deposition and 

fabrication of graphene based materials, and will help to find other low boiling 

point solvents to disperse graphene. 
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3.5 Perspective 

The solvent dispersion method developed by our group has already been used 

by others.22-27 For example, Hempel et al. used the same appoach to transfer 

graphene from NMP to ethanol, which is better suited for spray coating onto 

polyethylene terephthalate (PET) substrates.22 This method can also be applied 

to graphene oxide dispersions. Tang and co-workers showed that graphene 

oxide can form stable dispersion in DMF by solvent exchange from water, 

while directly sonicated graphene oxide in DMF cannot form stable 

dispersions.24 The authors concluded that graphene oxide cannot be directly 

exfoliated  in DMF due to the strong hydrogen bonding between the graphene 

oxide layers. 

Therefore, it is reasonable to expect that the solvent exchange method may 

offer the opportunity of achieve stable graphene dispersion in a wide range of 

solvents, which could later be used in graphene-based functional materials 

through a solution process. This method could also potentially be used in other 

two-dimensional systems.28  

3.6 Experimental 

Chemicals. Graphite flakes (Sigma-Aldrich), N-methyl-2-pyrrolidone (NMP, 

Acros Organics, 99%, extra pure), ethanol (absolute, AR, Merck), methanol 

(99.8%, AR, Lab-Scan), dichloromethane (99.8%, AR, Lab-Scan) and toluene 

(99.5%, AR, Lab-Scan) were used as received without further purification. 

Instruments. Sonication was conducted using a low power sonication bath 

(Bransonic, PC 620). Centrifugation was performed on a Hermle Z323K 

Centrifuge. Filtration was carried out using a Sintered Micro Filter holder 

through a 0.45 μm nylon membrane. UV/Vis spectra were obtained on a 

JASCO V-630 UV/Vis spectrometer. Transmission electron microscopy (TEM) 

characterization was undertaken on a PHILIPS CM10 operating at 100 KV. A 
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drop of graphene in ethanol was deposited on a holey carbon grid. Atomic 

force microscopy (AFM) was obtained with a PicoScan LE (Molecular 

Imaging) in tapping mode. The sample was prepared by drop casting a few 

drops of the graphene dispersion in ethanol onto a hot freshly cleaved mica 

surface (The mica was contained in a glass petri dish, which was placed in a 

hot oven at 90 oC). Raman spectra were measured on a JOBIN-YVON model T 

64000 triple grating spectrometer (excitation at 532 nm). Fourier Transform 

Infrared Spectroscopy (FTIR) were collected using a Perkin Elmer 

spectrophotometer equipped with a UATR attachment. Conductivity 

measurement was determined using the standard four-point probe method on a 

Keithley 2410 Source Meter. 
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Chapter 4 

Preparation of dispersible graphene through organic functionalization of 

graphene using a zwitterion intermediate cycloaddition approach 

 

Abstract 

Highly functionalized graphene was obtained through a zwitterion intermediate 

cycloaddition onto exfoliated graphene flakes under new reaction conditions. 

The functionalized graphene obtained formed stable dispersions in common 

solvents, including dimethylformamide (DMF), CHCl3 and water. Its 

dispersion in water is especially useful in a wide range of areas, such as 

composites, devices and biological applications. 
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4.1 Introduction 

Over the last decade, graphene, a single-layer of graphite with a two-

dimensional honeycomb lattice, has emerged as one of the most promising 

future materials due to its unique physical, mechanical and thermal properties.1 

Potential applications of graphene in Li-ion batteries, supercapacitors, 

transparent electrode, sensors and composites have already been demonstrated.2 

However, a key challenge in handling graphene based materials is in how to 

obtain a large amount of dispersible graphene flakes in either organic solvents 

or water for certain uses, such as in composites, devices and biological 

applications.3 Several chemical methods have been developed, including 

reduction of graphene oxide,4 bottom-up organic synthesis5 and dispersion of 

graphite in certain solvents.6-8 Methods employing the reduction of graphene 

oxide requires harsh oxidation conditions to prepare graphene oxide and a 

subsequent chemical and/or thermal reduction step. Graphene prepared by 

organic synthesis routes are impeded by limitations to size.5 Of these 

approaches, direct sonication of graphite in solvents promises to be the simplest 

method to obtain dispersible and relatively defect-free graphene flakes. 

However, the graphene flakes suspended in solvents (such as in N-methyl 

pyrrolidone,6 ortho-dichlorobenzene7a and ethanol8a) tend to aggregate due to 

the strong π–π interactions between the individual flakes, which seriously 

limits their application. In order to solve this problem and further improve their 

dispersibility, stability and processability, considerable efforts have been 

devoted to functionalize graphene flakes by noncovalent9 or covalent 

methods.10 In contrast to noncovalent methods, covalent methods can provide 

for more stable and robust materials. Covalently attached functional groups on 

graphene can improve the dispersibility of graphene, and also increase 

compatibility with various interfaces and matrices. Furthermore, covalently 

functionalized graphene can be applied in subsequent chemical processes that 

are usually unsuitable for non-covalent/physisorbed functionalized graphene. 
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More importantly, covalently functionalized graphene can yield graphene 

samples that show long-term stability when dispersed in solvents, which is 

necessary for application. However, covalent functionalization may affect the 

electronic properties of graphene. Thus, controlling the degree of 

functionalization of graphene is essential. Although the reactivity of graphene 

is less than those of fullerenes and carbon nanotubes, the wrinkled and folded 

structure and defects present in graphene can increase its reactivity towards 

organic reagents.11 To date, a number of chemical reactions on graphene have 

been reported, including 1,3-dipolar cycloaddition,10 diazonium chemistry,12 

nitrene addition,13 radical addition14 and click chemistry.15 Through these 

reactions, a range of functional groups can be introduced and also the degree of 

functionalization of graphene can be tuned. However, chemical modification of 

graphene has yet to be fully studied and more facile and mild methods are 

highly desirable. 

 Here, we take a zwitterion intermediate cycloaddition functionalization 

approach, which was previously applied to fullerenes and carbon nanotubes,16 

to functionalize graphene obtained using the solvent dispersion and exchange 

method.10a The functionalized graphene formed stable dispersions in common 

solvents (most remarkably in water) and was characterized by several 

spectroscopic and microscopic methods. 

4.2 Results 

Functionalization of graphene through the zwitterion approach is shown in 

Scheme 1 (see Scheme 2 for the proposed mechanism).16 4-

Dimethylaminopyridine (DMAP) reacts with the triple bond of acetylene 

dicarboxylates to form a zwitterionic intermediate, which then reacts with a 

double bond of graphene followed by reaction with the carbonyl group. Finally, 

the positively charged DMAP moiety is substituted by an alkoxy group, 

yielding the functionalized graphene product. Graphene in ODCB was prepared 
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by the solvent dispersion method,10a followed by a solvent exchange process 

developed by our group to transfer graphene into dry toluene (see experimental 

part).8a The graphene dispersed in dry toluene was reacted with DMAP, and 

acetylenedicarboxylates 1 or 2 at 85 oC under Ar atmosphere for 3 d. The 

functionalized graphene was purified by multiple filtration/redispersion cycles 

(see experimental part). Notably, the functionalized graphene is no longer 

dispersible in ODCB but 1 functionalized graphene shows good dispersion in 

both DMF (~ 0.28 mg mL-1) and CHCl3 (~ 0.19 mg mL-1), while 2 

functionalized graphene shows good dispersion in water (~ 0.06 mg mL-1) (Fig. 

1).17 UV/Vis absorption spectrometry can be used to investigate the stability of 

graphene samples in the solvents by measuring the changes in apparent 

absorption (in actual fact the changes in scattering of light by the graphene) 

with time.6,8a In the present case, 1 functionalized graphene  was stable in DMF 

and CHCl3 for at least two months, while 2 functionalized graphene dispersed 

in water was stable for at least one month. The stability is comparable with the 

1,3-dipolar cycloaddition functionalized graphene dispersed in ethanol (at least 

30 days).10c  

 

Scheme 1. Preparation of functionalized graphene through the zwitterion 

approach. 
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Scheme 2. Proposed mechanism for the zwitterion cycloaddition reaction.16 

 

Figure 1. a, b: 1 functionalized graphene dispersion in DMF and CHCl3; 

c: 2 functionalized graphene dispersion in water. 

Fourier transform infrared (FTIR) spectra of graphene, 1 and 2 functionalized 

graphene, and the control samples are shown in Fig. 2. The FTIR spectrum of 

graphene itself is almost featureless, indicative of a low content of defects in 

the graphene. For both 1 and 2 functionalized graphene, the absorption bands at 

1715 and 1240 cm-1 correspond to carbonyl and ether groups, respectively. The 

spectra of the control samples (Control 1: graphene reacted with 1 only; 
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Control 2 : graphene reacted with 2 only; Control 3: graphene reacted with 

DMAP only), did not show the above mentioned absorptions. This strongly 

supports that the modification is covalent in the two functionalized graphene 

samples and is not due to physisorption. 

 

Figure 2. FTIR spectra of graphene, 1 and 2 functionalized graphene, and 

control samples. 

The presence of organic functional groups in the functionalized graphene 

products is further confirmed by thermal gravimetric analysis (TGA).  Fig. 3 

shows the TGA curves of graphene, 1 and 2 functionalized graphene. The 

weight loss of graphene is about 5% between 200 oC and 450 oC, which is due 

to the defects caused by sonication, and also residual solvents. In the same 

temperature range, 1 and 2 functionalized graphene show about 54% and 36% 

weight loss, respectively. This weight loss is attributed to the decomposition of 

organic functional groups attached onto graphene. The degree of 

functionalization was estimated to be one functional group per 10 carbon atoms 
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for 1 functionalized graphene, and per 50 carbon atoms for 2 functionalized 

graphene. 

 

Figure 3. TGA curves of graphene, 1 and 2 functionalized graphene. 

Raman spectroscopy is widely used to study the structural and electronic 

properties of graphitic materials.18 The typical Raman bands for graphitic 

materials are: a disorder-induced D band at ~1350 cm-1, a doubly degenerate 

zone centre E2g mode at about 1580 cm-1 (G band, indicative to sp2 carbon 

bonds), and a two phonon double resonance Raman process at ~ 2700 cm-1 (2D 

band).18 The intensity ratio ID/IG between the D band and G band is often used 

to quantify the defects in graphitic materials. Graphene shows a small D band 

and a strong G band, with a ID/IG ratio of 0.3 (Fig. 4). For 1 and 2 

functionalized graphene, an increased ID/IG ratio (0.54 and 0.4, respectively) is 

observed compared with graphene. Attachment of organic functional groups 

changes some carbon atoms from sp2 to sp3 and therefore results in an 
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increased ID/IG ratio, which indicates successful covalent functionalization.10,19 

Due to the relatively small size of the graphene flakes and aggregation when 

deposited onto the substrate, it is difficult to distinguish single-layer graphene 

by Raman spectroscopy in the present case. However, the positions and band 

shapes in the spectra of graphene and functionalized graphene indicate that the 

graphene flakes are a mixture of single- and few-layer graphene.6,8a,10 

 

Figure 4. Raman spectra of graphene, 1 and 2 functionalized graphene (λexc = 

532 nm). 

The morphologies of graphene before and after functionalization were studied 

by transmission electron microscopy (TEM) analysis. The presence of single-

layer graphene flakes is shown in Fig. 5a, which is confirmed by its electron 

diffraction pattern (Fig. 6, the intensity of innermost spots is stronger than the 

outer spots).6,8a,10a A large number of few-layer graphene flakes are also present 
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in the graphene samples used for functionalization (Fig. 5b). 1 functionalized 

graphene shows good dispersion behaviour both in DMF and CHCl3 (Fig. 5c 

and Fig. 5d), while 2 functionalized graphene disperse well in water (Fig. 5e, 

Fig. 5f and Fig. 7). The HRTEM images of both graphene and functionalized 

graphene are shown in Fig. 8. After functionalization, little change in the 

morphology of graphene is observed, and importantly, the size of the graphene 

flakes is not decreased. This is an advantage compared with the harsh oxidation 

methods used to prepare graphene oxide, in which the flake size is normally 

significantly reduced. 

 

Figure 5. TEM images of graphene in ODCB (a, b), 1 functionalized graphene 

in DMF (c) and CHCl3 (d) and 2 functionalized graphene in H2O (e, f). The 

samples were prepared by drop-casting the dispersion onto a holey carbon grid. 
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Figure 6.  Electron diffraction (ED) pattern of the graphene flake shown in 

Figure 5a. The intensity of the innermost spots is more intense relative to the 

outer spots, indicating it is a single-layer graphene flake.6,8a,10a 

 

Figure 7. Additional TEM image of 2 functionalized graphene in H2O. 
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Figure 8. HRTEM images of graphene in ODCB (a), 1 functionalized 

graphene in DMF (b) and 2 functionalized graphene in H2O (c). Scale bar: 10 

nm. 

The conductivity of films of graphene, 1 and 2 functionalized graphene was 

also determined using the standard four-point probe method. The films were 

prepared by vacuum filtration of the corresponding dispersions.  
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Table 1. Conductivity values of graphene, 1 and 2 functionalized graphene. 

 

Name of the 

samples 

 

R□ (Ω) 

 

σ (S m-1) 

 

Average 

σ (S m-1) 

 

Standard 

deviation 

of σ (S m-1) 

 

graphene 

219 

202 

210 

3136 

3400 

3271 

 

3269 

 

± 132 

 

1 

functionalized 

graphene 

77000 

85000 

78000 

7.136 

6.464 

7.044 

 

6.88 

 

± 0.36 

 

2 

functionalized 

graphene 

1944 

2065 

1997 

684 

644 

666 

 

665 

 

± 20 
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σ -conductivity of the films, R□-sheet resistance, h-thickness of the films, m-

mass of the films (which was determined by measuring the mass difference of 

the films before and after filtration), ρG-density of graphene (which is 2000 Kg 

m-3 according to literature),7c r-radius of the films.  

The graphene film shows a conductivity of 3269 ± 132 S m-1, whereas for 1 

and 2 functionalized graphene films a conductivity of 6.88 ± 0.36 and 665 ± 20 

S m-1 was determined, respectively (see Table 1 for details). The difference 

between the conductivity of the two functionalized graphene films is due to the 

different degree of functionalization. The reduced conductivity of the two 

functionalized graphene films compared to graphene itself is due to covalent 

modification of the graphene. However, it should be noted that the two 

conductivity values are still much higher than that of graphene oxide (10-8–10-5 

S m-1).20 

4.3 Conclusions 

In conclusion, functionalized graphene has been successfully prepared using a 

zwitterion intermediate cycloaddition approach under new reaction conditions, 

and was characterized by FTIR, Raman spectroscopy and by additional control 

experiments. The degree of functionalization on graphene was determined by 

TGA and more interestingly it was relevant to the starting 

acetylenedicarboxylates uses. TEM images show that the functionalized 

graphene has good dispersibility in common solvents, such as DMF, CHCl3 and 

especially water. The functionalized graphene films show conductivity several 

orders of magnitude higher than graphene oxide. It is anticipated that this novel 

zwitterion functionalization method will broaden the chemistry of graphene 

substantially and that these functionalized graphene materials could be useful 
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in composites, devices and biological applications (sensing, drug loading and 

delivery).3 
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4.5 Experimental 

Chemicals. Graphite flakes (Sigma-Aldrich), ortho-dichlorobenzene (ODCB, 

98%, AR, Merck), 4-dimethylaminopyridine (DMAP, ≥ 99%, Aldrich), 

dimethyl-acetylene-dicarboxylate (compound 1, Sigma-Aldrich, 99%) were 

used as received without further purification. Dry toluene was used from a 

solvent purification system (MB SPS-800). Compound 2 was synthesized 

according to literature procedures.21 

Instruments. Sonication was conducted with a low-power sonication bath 

(Bransonic, PC 620). Centrifugation was performed with a Hermle Z323K 

centrifuge. Filtration was carried out with a Sintered Micro Filter holder 

through a 0.45 µm nylon membrane. NMR spectra were recorded using a 

Varian VXR-400 spectrometer (400 MHz). Fourier transform infrared 

spectroscopy (FTIR) was performed with a Perkin-Elmer Spectrum 400 

instrument and a UATR attachment. Raman spectra at 532 nm were obtained 

using a home built system comprising of a iDus-DU420A CCD detector 

coupled to a Shamrock163i spectrograph (Andor Technology) and a 25 mW 

532 nm DPSS laser (Cobolt Lasers) fibre coupled to an Olympus BX51 

microscope (equipped with laserline clean up and edge filters from Semrock) 

with long working distance objectives. Samples for Raman analysis were 

prepared by spin coating a few drops of the graphene and functionalized 

graphene on fresh gold substrates followed by drying under vacuum. Thermal 

gravimetric analysis (TGA) was carried out under N2 with a Mettler Toledo 
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TGA/SDTA851e system. Transmission electron microscopy (TEM) images 

were acquired using a PHILIPS CM12 instrument operating at 120 KV. High 

resolution transmission electron microscopy (TEM) images were taken using a 

PHILIPS CM120 instrument operating at 120 KV. Conductivity was 

determined using the standard four-point probe method on a Keithley 2410 

Source Meter. The films were prepared by vacuum filtration of the 

corresponding dispersions of graphene, 1 or 2 functionalized graphene 

followed by drying in vacuo at 60 oC for 48 h. 

Preparation of graphene and functionalized graphene 

Preparation of graphene in ODCB: Graphite (300 mg) was sonicated for 2 h in 

ODCB (300 mL), and the obtained suspension was centrifuged at 3000 rpm for 

30 min to remove large and thick flakes. The supernatant was decanted to 

afford graphene in ODCB (the concentration of graphene in ODCB was about 

0.01 mg mL-1).6,10a 

Transfer of graphene from ODCB to toluene: Dry toluene was chosen as the 

solvent for functionalization reactions. Therefore, a solvent exchange process 

was carried out to transfer graphene from ODCB to dry toluene.8a Graphene in 

ODCB (200 ml) was filtered through a 0.45 µm nylon membrane, then the 

filter cake was redispersed in toluene (50 ml) with sonication (5 min) and 

filtered again. This process was repeated twice and the filter cake was 

dispersed in 30 ml toluene and centrifuged at 4000 rpm for 10 min. The 

supernatant was decanted and 30 ml dry toluene was added (under Ar 

atmosphere), sonicated and centrifuged again (this process was repeated twice). 

Finally, 35 ml of dry toluene was added to the solid residue, and the suspension 

was transferred into a 100 ml three-neck round bottom flask and used for the 

functionalization reactions. 
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Functionalization of graphene: Compound 1 (177.6 mg in 5 ml dry toluene) or 

compound 2 (360 mg in 5 ml dry toluene) and DMAP (153 mg in 5 ml dry 

toluene) were added dropwise into the above graphene suspension in toluene, 

and the mixture was reacted at 85 oC under Ar atmosphere for 3 d. The reaction 

mixture was filtered through a 0.45 µm nylon membrane and washed 

subsequently with toluene (3 times, 30 ml each time), CHCl3 (3 times, 30 ml 

each time), water (3 times, 30 ml each time) and acetone (3 times, 30 ml each 

time) using repeated redispersion, sonication, and filtration steps. The final 

suspension in acetone was centrifuged at 4000 rpm for 20 min and the solid 

residue was dried under vacuum to afford the desired functionalized graphene 

products. 

Control samples: The covalent linkage between graphene and the organic 

functional groups was confirmed by control experiments to confirm that the 

improved dispersibility is not due to physisorption. Compound 1 (177.6 mg in 

5 ml dry toluene) or compound 2 (360 mg in 5 ml dry toluene) or DMAP was 

added dropwise into the graphene suspension in toluene and the mixture was 

reacted at 85 oC under Ar atmosphere for 3 d. The handling procedures were as 

above for the functionalized graphene. 
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1H NMR spectrum of compound 2 (CDCl3, 400 MHz). 

 

13C NMR spectrum of compound 2 (CDCl3, 100 MHz). 
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Chapter 5 

One-pot functionalization of graphene with porphyrin through 

cycloaddition reactions 

 

Abstract 

Two graphene based hybrid materials, graphene-TPP (TPP: 

tetraphenylporphyrin) and graphene-PdTPP (PdTPP: palladium 

tetraphenylporphyrin) were prepared directly from pristine graphene using one 

pot cycloaddition reactions. The hybrid materials were characterized by 

UV/Vis, FTIR, TGA, TEM and Raman, luminescence spectroscopy and 

fluorescence/phosphorescence lifetime measurements. The covalent linkage 

between graphene and porphyrin was confirmed by FTIR, Raman spectroscopy 

and further supported by control experiments. The presence of TPP (or PdTPP) 

in the hybrid material was demonstrated by UV/Vis spectroscopy, and TGA 

data indicate that graphene-TPP and graphene-PdTPP hybrid materials contain 

approximately 18% TPP and 20% PdTPP by mass, respectively. The quenching 

and reduced lifetime of fluorescence (or phosphorescence) suggests that 

excited state energy/electron transfer between graphene and the covalently 

attached TPP (or PdTPP). 

 

 

This chapter has been published: 
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5.1 Introduction 

Graphene, a single-atom-thick layer of graphite, has attracted intense scientific 

interest because of its extraordinary properties,1 such as the existence of 

massless Dirac fermions, a room temperature quantum Hall effect, high charge 

carrier mobility and gas sensing at the molecular level. It is widely anticipated 

that graphene will see applications in supercapacitors,2 nanoelectronic devices,3 

chemical sensors,4 and reinforced composite materials5 in the near future. For 

such applications, large scale preparation of high purity graphene flakes is 

essential. Currently, graphene is typically prepared by one of the following 

methods: mechanical,6 epitaxial,7 reduction of graphene oxide8 or solvent 

dispersion of graphite.9 Further manipulation of graphene itself is rendered 

difficult due to its tendency to aggregate as a result of the strong π-π 

interactions between individual flakes. This aggregation makes fabrication of 

graphene-based materials difficult. For this reason, non-covalent10 and 

covalent11 methods for the functionalization of graphene have been developed. 

In this context, graphene-based hybrid nanomaterials (combining graphene 

with other functional components) have attracted widespread attention.12-14 The 

hybrid nanomaterials not only combine the unique optical, electrical, magnetic, 

and chemical properties of each component, but also have the potential to 

introduce novel properties that can be applied to a diverse range of applications. 

The majority of reports of graphene-based hybrid nanomaterials use graphene 

oxide as the starting material.15 However, the oxygen-containing functional 

groups of this material greatly change the intrinsic properties of graphene, 

therefore potentially affecting the final properties of graphene-based hybrid 

nanomaterials.16 Consequently, the development of alternative routes is 

required. Recently, preparation of graphene using solvent dispersion methods 

developed by a number of groups,9 including our group,9f have attracted 

particular interest because it holds the advantage of retaining the intrinsic 

properties of graphene and at the same time it maintains the dispersibility of 
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graphene in certain solvents. The functionalization of graphene using 

cycloaddition on pristine graphene is a promising approach.17 Compared with 

non-covalent methods, covalent functionalization of pristine graphene with 

other molecules provides for stable and well defined systems. Furthermore, 

rational design of the process enable control over the degree of 

functionalization with retention of the properties of graphene. Porphyrin, a 

well-known and studied aromatic compound itself possesses exceptional 

optical and electronic properties, and has been used in fields as diverse as solar 

cells, sensors, catalysis and biology.18 C60-porphyrin and carbon nanotube-

porphyrin hybrid materials have been prepared for a number of applications.19 

Due to the similarity of graphene with C60 and carbon nanotubes, hybrid 

materials combining graphene with porphyrin can be envisaged as being useful 

for applications such as in solar cells, sensors and catalysis. A distinct 

difference however between C60/carbon nanotubes and graphene is the 

accessibility of the edge as well as both faces of the carbon sheet to chemical 

reaction. 

 Here we show that graphene-TPP (TPP: tetraphenylporphyrin) and graphene-

PdTPP (PdTPP: palladium tetraphenylporphyrin) hybrid materials can be 

readily prepared using one pot cycloaddition reactions. The hybrid materials 

prepared are stable in solution and are characterized using a number of 

spectroscopic and microscopic methods. 

5.2 Results 

The method used for the preparation of graphene-TPP and graphene-PdTPP is 

shown in Scheme 1. Graphene in ortho-dichlorobenzene (ODCB) was prepared 

according to the procedure reported by Barron et al.9a Tetraphenylporphyrin 

monoaldehyde (TPP-CHO) and palladium tetraphenylporphyrin monoaldehyde 

(PdTPP-CHO) were synthesized according to literature procedures (see 

experimental section).20,21 In brief, graphene in ODCB, sarcosine, and TPP-
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CHO (or PdTPP-CHO) were reacted at 160 oC for one week, and the hybrid 

materials were purified by multiple filtration/redispersion cycles. 

 

Scheme 1. Synthesis of graphene-TPP and graphene-PdTPP hybrid materials, 

and the accepted mechanism for the reaction. 

The presence of TPP (or PdTPP) in the graphene-TPP (or graphene-PdTPP) 

hybrid material is confirmed by UV/Vis absorption spectroscopy. As shown in 

Figure 1a, TPP-CHO in DMF shows a Soret band at 419 nm together with, 

relatively less intense, Q bands.22 The absorption spectrum of graphene-TPP in 

DMF shows a broader absorption peak at ca. 421 nm and weaker Q-bands, that 

are attributed to the absorption of the TPP unit in the graphene-TPP hybrid 

material. The absorption spectra for PdTPP and graphene-PdTPP are shown in 

Figure 1b. A strong Soret absorption band at 416 nm and also a weaker Q band 

at 523 nm were observed.23 For the graphene-PdTPP hybrid material, two 

broadened bands are observed at 419 and 525 nm and assigned to the 

absorption of the covalently tethered PdTPP. In control reactions for both TPP 

and PdTPP, where the reaction was performed without sarcosine (see 

experimental section), the UV/Vis absorption spectra of the graphene materials 

recovered do not exhibit the typical porphyrin absorption bands. This supports 

the conclusion that the porphyrin molecules in the graphene-TPP and graphene-
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PdTPP hybrid materials are not physisorbed but instead attached covalently. In 

addition, the Soret band of both porphyrins show a small red-shift when 

covalently attached to graphene, which suggests that there may be interactions 

between graphene and porphyrin molecules in the hybrid materials. 

 

 

Figure 1. UV/Vis absorption spectra of (a) TPP-CHO (black solid line), 

graphene-TPP (red solid line, baseline corrected) {Inset: TPP-CHO (black solid 

line), graphene-TPP (red solid line) and the control sample (blue dashed line)} 

in DMF. (b) PdTPP-CHO (black solid line), graphene-PdTPP (red solid line, 

baseline corrected) {Inset: PdTPP-CHO (black solid line), graphene-PdTPP 

(red solid line) and the control sample (blue dashed line)} in DMF.  
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Additional confirmation of the successful hybridization of PdTPP with 

graphene comes from the X-ray photoelectron spectrum collected on a dropcast 

film of the hybrid material on a polycrystalline copper substrate. Figure 2 

shows the Pd 3d core level region which indicates the presence of Pd. The Pd 

3d5/2 binding energy of 338.5 eV is in agreement with Pd bond to N as 

observed for similar compounds.24 

 

Figure 2. X-ray photoelectron spectrum of the Pd 3d core level region  

measured on a dropcast graphene-PdTPP film on Cu. 

The loading of TPP or PdTPP in the graphene-TPP and graphene-PdTPP 

hybrid materials was determined by TGA. Figure 3 shows the TGA curves of 

graphene, graphene-TPP and graphene-PdTPP. The weight loss observed for 

graphene is assigned to the defects caused by sonication, which are apparent 

also from the D/G band ratio in the Raman spectra and release of trapped 

solvents. Compared to graphene, graphene-TPP and graphene-PdTPP show 

approximately 18% and 20% weight loss between 250 oC and 500 oC, 
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respectively. This weight loss corresponds to the loss of TPP or PdTPP 

molecules attached covalently to graphene. Accordingly, the degree of 

functionalization was estimated to be one TPP group per 235 carbon atoms in 

graphene-TPP (0.42%), and one PdTPP group per 240 carbon atoms in 

graphene-PdTPP (0.41%).25 

 

Figure 3. TGA curves of graphene (black solid line), graphene-TPP (red solid 

line) and graphene-PdTPP (blue solid line). 

Figure 4a shows the FTIR spectra of graphene, graphene-TPP and graphene-

PdTPP. The spectrum of graphene is almost featureless, indicative of a low 

content of defects. While for the graphene-TPP and graphene-PdTPP, some 

features of TPP and PdTPP were observed in the range between 1000–1500 

cm-1. The absence of a carbonyl stretch at about 1700 cm-1 for the graphene-

TPP and graphene-PdTPP hybrid compared to the spectra of free TPP-CHO 

and PdTPP-CHO (Figure 4b) indicates reaction of the aldehyde moieties. 
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Figure 4. (a) FTIR spectra of graphene (top, black), graphene-PdTPP (middle, 

blue) and graphene-TPP (bottom, red). (b) FTIR spectra of TPP-CHO (black) 

and PdTPP-CHO (red). 

Additional evidence of functionalization is provided by Raman spectroscopy. 

The Raman spectra of graphite, graphene, graphene-TPP and graphene-PdTPP 

are shown in Figure 5. For the graphitic materials, the typical Raman bands are: 

a defect-induced D band at 1350 cm-1, an in-plane vibration mode of sp2 

hybridized carbon at 1580 cm-1 (G band), and a two phonon double resonance 

process at ca. 2700 cm-1 (2D band). The D band of graphite is almost 

completely absent, and the 2D band consists of two components with the main 
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peak at ca. 2718 cm-1.26 Graphene shows a weak D band  and a strong G band 

at 1580 cm-1, with a D/G ratio of 0.22. Both graphene-TPP and graphene-

PdTPP show an increased D/G ratio (0.40 and 0.42, respectively) compared 

with graphene. The increased D/G ratio is consistent with the functionalization 

of graphene through covalent bonding.17 It is worth mentioning that, the 2D 

band for graphene and functionalized graphene is shifted to 2700 cm-1 

compared with graphite. Due to the small size of the graphene flakes and the 

aggregation of graphene when deposited on the substrate, it is difficult to 

distinguish single-layer graphene by Raman spectroscopy in the present case. 

However, by comparing the position and shape of the spectra of graphene and 

functionalized graphene with graphite, we identify the graphene flakes as a 

mixture of single and few-layer graphene.26,17a 
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Figure 5. Raman spectra (bottom to top) of graphite, graphene, graphene-

PdTPP and graphene-TPP (λexc = 532 nm). 
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Figure 6. TEM images of graphene (a, b), graphene-TPP (c, d) and graphene-

PdTPP (e, f). The samples were prepared by drop casting onto holey carbon 

grids. 

The morphology of graphene, graphene-TPP and graphene-PdTPP were 

investigated by TEM analysis. Figure 6a shows a single-layer graphene flake, 

as indicated by the electron diffraction pattern (Figure 6a, inset, the intensity of 

the innermost spots is stronger than the outer spots).9b,9f There are also a large 

proportion of few-layer graphene flakes (Figure 6b). As expected,9a the  

graphene starting material consists of single- and few-layer graphene flakes. 
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After the cycloaddition reactions, little change in the morphology of graphene-

TPP and graphene-PdTPP hybrid materials was observed (Figure 6c-6f, Figure 

7 and 8). 

 

 

Figure 7. The diffraction pattern shown in Figure 6a (upper image) and 

additional TEM images of graphene-TPP hybrid material (bottom image). 
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Figure 8. Additional TEM images of graphene-PdTPP hybrid material. 

The interaction between graphene and porphyrin in the hybrid materials was 

studied by fluorescence (or phosphorescence, in the case of PdTPP) 

spectroscopy. The Soret band absorption intensities in the graphene-porphyrin 

hybrids were equivalent to the free porphyrin for luminescence measurements, 

taking into consideration the scattering by graphene (Figure 9a). When excited 

at 410 nm, free TPP-CHO shows strong fluorescence at 650 nm and 710 nm 

(Figure 9b, solid line). In contrast, for the graphene-TPP hybrid, the 

fluorescence is quenched significantly (Figure 9b, dotted line). The 

fluorescence quantum yield is reduced from 4% to 0.3% for TPP-CHO and 

graphene-TPP, respectively. 
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Figure 9. (a) UV/Vis absorption spectra of graphene-TPP (solid line) and TPP-

CHO (dashed line) used to obtain the emission spectra shown in Figure 9b and 

of graphene-TPP after baseline correction (dotted line). The concentrations of 

porphyrin in both TPP-CHO and graphene-TPP were equivalent  (0.7 µM) 

according to the intensity of the Soret band. (b) Fluorescence emission spectra 

of TPP-CHO (solid line) and graphene-TPP (dotted line) at λexc = 410 nm in 

DMF. The concentration of porphyrin in both samples (i.e. TPP-CHO and 

graphene-TPP) was equivalent (0.7 µM), as determined by the intensity of the 

Soret band taking into account the background  due to scattering of graphene. 

A similar quenching behavior is observed for the graphene-PdTPP hybrid 

material (Figure 10b). The strong phosphorescence at 710 nm for PdTPP is also 

quenched in the hybrid material. The phosphorescence quantum yield is 

reduced from 0.62% for PdTPP to below 0.01% for graphene-PdTPP. 
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Figure 10. (a) UV/Vis absorption spectra of graphene-PdTPP (solid line) and 

PdTPP-CHO (dashed line) used to obtain the emission spectra shown in Figure 

10b and of graphene-PdTPP after baseline correction (dotted line). The 

concentrations of porphyrin in both PdTPP-CHO and graphene-PdTPP were 

equivalent (0.6 µM) according to the intensity of the Soret band. (b) 

Phosphorescence emission spectra of PdTPP-CHO (solid line) and graphene-

PdTPP (dotted line) at λexc = 410 nm. The concentration of porphyrin in both 

PdTPP-CHO and graphene-PdTPP were kept the same (0.6 µM) according to 

the Soret band absorption intensity (Figure 8a). *The dip in the spectrum is an 

instrumental artifact. 

The luminescence lifetimes of both TPP-CHO (or PdTPP-CHO) and graphene-

TPP (or PdTPP) show that there are strong interactions between the graphene 

and TPP (or PdTPP). For graphene-TPP the fluorescence decay is 

biexponential, with a short component of <500 ps and a longer component of 

6.2 ns. The short component accounts for the major part of the decay and 

confirms that rapid quenching of the porphyrin singlet excited state occurs. The 

biexponential nature of the decay may reflect the location of the porphyrin on 

the graphene, i.e. on the basal plane or near the edge. The relatively minor 

contribution of the longer lifetime component is consistent with such an 

assignment. Comparison of the fluorescence spectra of the covalently modified 
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graphene-TPP with both free TPP-CHO and a matched mixture of TPP-CHO 

with graphene show that collisonal (dynamic) quenching is not significant 

(Figure 11). 
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Figure 11. (left) UV/Vis absorption and (right) fluorescence (λexc = 410 nm) 

spectra of solutions of TPP-CHO (thick solid line), graphene-TPP (thin dotted 

line) and a mixture of TPP-CHO and graphene (thin solid line). The absorption 

at 410 nm (attributable to the porphyrin component in each case was matched 

for comparison of the intensity of the emission spectra. The attenuation due to 

scattering by the graphene in the wavelength range of the fluorescence 

spectrum and at 410 nm is estimated to result in a 50% loss in emission 

intensity. Hence the decrease in emission intensity of the TPP-CHO in the 

presence of graphene is attributable primarily to attenuation and not only 

dynamic quenching. 

The phosphorescence decay lifetime of PdTPP-CHO is 44 µs whereas for the 

graphene-PdTPP hybrid material the phosphorescence quantum yield and 

lifetime are diminished considerably and are non-exponential. Fitting of the 

decay of graphene-PdTPP with a biexponential function gives the values 80 

and 660 ns, with the latter component being the lesser of the two components. 

The phosphorescence decay lifetime of the palladium porphyrin is in the 

microsecond time range and hence in contrast to fluorescence, 
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phosphorescence can be quenched dynamically as well as statically. Dynamic 

quenching is, however, not as efficient as static quenching as shown by 

matched solutions, of PdTPP-CHO mixed with graphene, and of graphene-

PdTPP, where the emission intensity of the covalently attached porphyrin is 

substantially less than that of the free PdTPP-CHO/graphene mixture (Figure 

12). 

 

Figure 12. (left) UV/Vis absorption and (right) phosphorescence (λexc = 410 

nm) spectra of solutions of graphene-PdTPP (solid line) and a mixture of 

PdTPP-CHO with graphene (dotted line). The absorption at 410 nm 

(attributable to the porphyrin component in each case) was matched for 

comparison of the intensity of the emission spectra. The attenuation due to 

scattering by the graphene in the wavelength range of the phosphorescence 

spectrum and at 410 nm is estimated to result in a ca. 40% loss in emission 

intensity. Hence the decrease in emission intensity of the PdTPP-CHO in the 

presence of graphene is attributable primarily to attenuation and not only 

dynamic quenching. 

The absence of absorption bands of the porphyrin in UV/Vis absorption spectra 

for the control samples, prepared by the same procedures as for graphene-TPP 

and graphene-PdTPP, the disappearance of aldehyde absorption bands in the 

FTIR spectra of graphene-TPP and graphene-PdTPP, the presence of Pd 
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determined by XPS and the increased D/G ratio in the Raman spectra for both 

of the hybrid materials, all indicate the successful functionalization of graphene. 

Based on TGA data, the degree of functionalization of these two hybrid 

materials is relatively low, which allows for extended patches of undisturbed 

graphene. The reduced emission lifetimes for both of the hybrid materials is in 

agreement with the fluorescence (or phosphorescence) quenching and the 

reduction in emission quantum yield, indicates that either energy or electron 

transfer processes between graphene and the attached porphyrin molecules 

occurs.27 

5.3 Conclusions 

In summary, graphene-TPP and graphene-PdTPP hybrid materials have been 

successfully prepared using one pot cycloaddition reactions. The presence of 

TPP or PdTPP in the hybrid materials was confirmed by UV/Vis absorption 

spectroscopy and XPS. Fluorescence and phosphorescence quenching is 

observed with a concomitant decrease in excited state lifetimes. These 

observations confirm that energy and/or electron transfer quenching between 

graphene and the covalently bound porphyrin molecules occurs. The amount of 

TPP or PdTPP present in the hybrid materials was determined by TGA, and the 

covalent linkage was confirmed by Raman, FTIR, and further supported by 

control experiments. TEM images show that the morphology of the hybrid 

materials is not affected by the cycloaddition functionalization processes. The 

relatively low degree of functionalization of these two hybrid materials may 

allow for retention of graphene’s intrinsic properties, especially in comparison 

with materials prepared via graphene oxides for example. Considering the 

remarkable properties of both graphene and porphyrin, these two hybrid 

materials may have potential applications in a number of areas, such as solar 

cells, sensors and catalysis.19  
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5.4 Perspective 

Combining photoactive materials with graphene to form donor-acceptor hybrid 

systems are rapidly developing, mainly aiming at solar energy harvesting 

applications. In addition to porphyrin, other aromatic compounds such as 

phthalocyanines, have been covalently attached onto graphene using similar 

approaches as described in this chapter.28 For future directions, fundamental 

studies on the electron and/or energy transfer processes and applications in 

photoelectrochemical cells should be performed. 
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5.6 Experimental 

Chemicals: Graphite flakes (Sigma-Aldrich), sarcosine (98%, Sigma-Aldrich) 

and ortho-dichlorobenzene (ODCB, 98%, AR, Merck) were used as received 

without further purification. 5-(4-Methylcarboxyphenyl)-10,15,20-

triphenylporphyrin (TPP-COOMe) was obtained according to literature 

procedures.20 5-(4-Formylphenyl)-10,15,20-triphenylporphyrin (TPP-CHO) 

was synthesized from TPP-COOMe by a reduction/oxidation method (see 

below). Palladation of TPP-CHO was performed according to the general 

method published by Lindsey and co-workers.21 

Instruments: Sonication was conducted using a low power sonication bath 

(Bransonic, PC 620). Centrifugation was performed on a Hermle Z323K 

Centrifuge. Filtration was carried out using a Sintered Micro Filter holder 

through a 0.45 μm nylon membrane. UV/Vis absorption spectra were obtained 
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on a JASCO V-630 UV/Vis Spectrometer. Fluorescence and phosphorescence 

spectra were measured on a JASCO FP-6200 Spectrofluorometer. Quantum 

yield measurements were determined using [Ru(bpy)3](PF6)2 in water as a 

reference.29 Fluorescence lifetime measurements were performed using a time-

correlated single photon counting system, and detected using a microchannel 

plate PMT coupled with 630 nm long pass filter. The light source is a 

Ti:Sapphire laser (400 nm, 1.9 MHz). Phosphorescence lifetime measurements 

were obtained using a home built system comprising of a Zolix Omni-λ 300 

monochromator coupled with a Zolix PMTH-S1-CR131 PMT detector. 

Transients were digitized using a Tektronix DPO 4032 Digital Phosphor 

Oscilloscope. The light source is an Innolas 400 Nd:YAG laser (excitation at 

532 nm, 10 Hz, 40 mW) with a Si-diode trigger sensor. Solutions for 

phosphorescence measurements were degassed by at least three freeze-pump-

thaw cycles. X-ray photoelectron spectroscopy (XPS) data were collected on a 

dropcast sample of graphene-PdTPP on polycrystalline Cu using a Surface 

Science SSX-100 ESCA instrument equipped with a monochromatic Al Kα X-

ray source (hν = 1486.6 eV). The takeoff angle between the spectrometer 

detector and the normal to the surface was 37°. Binding energies (± 0.1 eV) 

were referenced to the Cu2p3/2 photoemission line at a binding energy of 932.7 

eV.30 Thermal gravimetric analysis (TGA) was performed under N2 atmosphere 

on a Mettler Toledo TGA/SDTA851e system. Transmission electron 

microscopy (TEM) characterization was performed using a PHILIPS CM10 

operating at 100 KV. Raman spectra were recorded on a JOBIN-YVON model 

T 64000 triple grating spectrometer (excitation at 532 nm). Raman samples 

were prepared by drop casting a few drops of the graphene and functionalized 

graphene on clean gold substrates and then dried under vacuum. Fourier 

Transform Infrared Spectroscopy (FTIR) were collected using a Perkin Elmer 

Spectrum 400 equipped with a UATR attachment. 
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Synthesis of TPP-CHO: TPP-COOMe (87 mg, 0.129 mmol) was dissolved in 

freshly distilled CH2Cl2 (5 mL) at 0 ºC. LiAlH4 (0.3 mL of a 1.0 M solution in 

CH2Cl2, 0.3 mmol) was added dropwise. The mixture was allowed to warm to 

RT and stirred for 2 h, followed by the addition of MeOH (1 mL). The reaction 

mixture was partitioned between CH2Cl2 (30 mL) and sat. aqueous Rochelle 

salt solution (30 mL). The organic layer was separated, dried on Na2SO4 and 

concentrated. The residue was dissolved in THF (5 mL) and MnO2 (56 mg, 

0.64 mmol) was added. The mixture was vigorously stirred at 40 ºC for 4 h and 

then filtered through a silica plug (CH2Cl2). The filtrate was concentrated and 

recrystallized (CH2Cl2/MeOH, layer addition) to give TPP-CHO (63 mg, 76%) 

as a purple solid. Spectroscopic data is in accordance with the literature.31 

Preparation of graphene: Graphite (100 mg) was sonicated for 2 h in ODCB 

(100 mL), and then centrifuged at 3000 rpm for 30 min. The supernatant was 

decanted to obtain graphene in ODCB. The concentration of graphene in 

ODCB was 0.01 mg/ml. 

Preparation of graphene-TPP and graphene-PdTPP hybrid materials: The 

procedure for the preparation of graphene-TPP and graphene-PdTPP hybrid 

materials is shown in Scheme 1. Graphene in ODCB (50 mL), sarcosine (25 

mg), and TPP-CHO (or PdTPP-CHO) (20 mg) were placed in a 100 mL round-

bottom flask, and stirred at 160 oC under a N2 atmosphere for 1 week. The 

reaction mixture was filtered through a 0.45 μm nylon membrane. The obtained 

filter cake was washed subsequently with ODCB, DMF, and CHCl3 several 

times using repeated redispersion, sonication and filtration steps. The final 

suspension in CHCl3 was centrifuged at 5000 rpm for 30 min. The precipitate 

was dried under vacuum to obtain the desired graphene-TPP or graphene-

PdTPP hybrid materials. 

Control samples: In order to confirm the covalent linkage between TPP (or 

PdTPP) and graphene, control samples were prepared. Graphene in ODCB (50 
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mL), and TPP-CHO (or PdTPP-CHO) (20 mg) were placed in a 100 mL round-

bottom flask, and stirred at 160 oC under a N2 atmosphere for 1 week (in the 

absence of sarcosine). The handling procedures were as above for the hybrid 

materials. 
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Chapter 6 

Supramolecular chemistry on large area graphene field-effect transistors  

 

Abstract 

A combined study of the self-assembly of bis-urea-terthiophene (T3) molecular 

wires on graphene and its effect on the electrical properties of graphene is 

presented using commercially available CVD graphene. It is shown that 

commercially available CVD graphene can be used as a substrate for the self-

assembly of T3 molecular wires even when the graphene is highly undulating. 

Changes in doping levels and charge carrier mobility are observed in graphene 

transistors after T3 modification. Clean transistors reveal that the doping 

induced by the molecular wires in the graphene is at least an order of 

magnitude less than the doping induced by unwanted adsorbates. 
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6.1 Introduction 

Graphene, a one-atom thick two-dimensional honeycomb carbon lattice, has 

shown extraordinary properties and potential applications in numerous fields.1 

Since all atoms in graphene are surface atoms, a natural approach to tune 

graphene’s electronic properties is to use surface chemistry.
2–4 Recently, a 

number of studies on self-assembly of organic molecules on graphene have 

been reported,
5–13 albeit with few reports combining both the surface 

organization and its effect on the electrical performance of graphene 

devices.14,15 The dearth of combined studies is likely to be due to the specific 

limitations presented by each source of graphene used. For example, 

mechanically exfoliated flakes of graphene on an insulating dielectric allow 

fabrication of electronic devices, but are very challenging to approach with the 

tip of a scanning tunneling microscope (STM) due to their small dimensions.16 

On the other hand, large-area graphene grown epitaxially from silicon carbide 

or grown by chemical vapor deposition (CVD) on a metal is suitable for 

studying self-assembly, but is not readily used in field-effect transistors due to 

the lack of a back gate electrode in the substrate. In contrast, graphene grown 

by CVD and subsequently transferred to silicon/silicon dioxide wafers 

combines the accessibility of large-area graphene with the utility of a back gate 

present in the substrate.17,18 Furthermore, wafer-scale CVD graphene 

transferred to silicon/silicon dioxide is now widely available through several 

commercial suppliers. In this communication, a combined study of the self-

assembly and electronic properties of large-area graphene transistors (1 mm x 1 

mm) modified by self-assembled bis-urea-terthiophene (T3) and bis-urea-

nonane (C9) molecular wires is reported.19 Self-assembled molecular wires up 

to several hundreds of nanometers in length were clearly observed both on 

CVD graphene on nickel and on transferred CVD graphene on silicon/silicon 

dioxide using STM at the liquid/solid interface. In the latter case, molecular 

wires were able to follow graphene’s corrugation. Gate spectroscopy on 
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molecularly modified graphene transistors shows that the electronic interaction 

between the molecular wires and the graphene is weak compared to the effect 

of unwanted dopants. 

6.2 Results 

An important reason for the limited number of STM studies on CVD graphene 

transferred to insulating substrates is the high degree of undulation (corrugation) 

of the graphene on these substrates,20 limiting the ability to obtain high 

resolution STM images. This problem can be circumvented by using self-

assembly motifs that are readily discernable. In this study, a bis-urea-

terthiophene derivative (T3) with a well-defined and characteristic signature of 

self-assembly on graphite was chosen. 

Figure 1a shows the molecular structure of T3. The synthesis of T3 was 

reported previously.21 T3 contains a urea group on each side of a central 

terthiophene moiety. Each of the urea groups is involved in up to four hydrogen 

bonds with neighboring molecules (Figure 1a). The hydrogen bonds drive the 

formation of one-dimensional molecular wires on highly oriented pyrolytic 

graphite (HOPG) in which the thiophene moieties arrange themselves as 

molecular wires with a well-defined spacing of ~ 6.2 nm detectable using STM 

at the liquid/solid interface at room temperature.19,22 
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Figure 1. (a) Molecular structure of bis-urea-terthiophene T3 and a H-bonding 
scheme of self-assembled monolayers of T3. (b) An STM image displaying T3 

molecular wires formation on CVD graphene on nickel. Imaging conditions: 
size (90 nm × 90 nm), Iset = 0.1 nA, Vbias = 0.65 V. (c) An STM image 
displaying T3 molecular wires formation on CVD graphene on nickel. 
Molecular wires are observed to cross several nickel grain boundaries. Imaging 
conditions: size (65 nm × 65 nm), Iset = 0.1 nA and Vbias = 0.65 V. (d) A 
submolecular resolution STM image showing a molecular wire separation of ~ 
6.1 nm (part of the region imaged in Figure 1c). Imaging conditions: size (14.4 
nm × 14.4 nm), Iset = 0.1 nA and Vbias = 0.6 V. (e) An STM image displaying 
T3 molecular wires formation on CVD graphene on silicon/silicon dioxide. 
Imaging conditions: size (90 nm × 90 nm), Iset = 0.06 nA and Vbias = 0.5 V. 
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Self-assembly of T3 on graphene grown on nickel was studied using STM at 

the liquid/solid interface at room temperature. Graphene containing mono- and 

few-layer graphene on nickel was obtained from Graphene SupermarketTM. T3 

was deposited on graphene/nickel by drop-casting a solution of T3 in octanoic 

acid (1 mM) and the STM tip was immersed into the liquid. Typical 

dimensions over which homogeneous self-assembly was observed (regions 

where the orientation of the molecular wires is well-defined) are of the order of 

10-100 nm.23 Interestingly, regions where molecular wires cross multiple nickel 

grain boundaries were also observed (Figure 1c). Furthermore, the angle 

between molecular wires in neighboring domains is found to be close to 60o. 

This suggests that the orientation of the molecular wires is directed by the 

underlying graphene lattice. Submolecular resolution of T3 could be obtained 

(Figure 1d), from which the separation between molecular wires was 

determined to be 6.1 ± 0.1 nm, as for T3 self-assembled on HOPG.21 

Next, the self-assembly on graphene transferred to silicon/silicon dioxide was 

studied. Graphene on silicon/silicon dioxide was obtained from Graphene 

SupermarketTM. The graphene films as received typically shows defects such as 

cracks and folds in addition to impurities/residues originating from CVD 

growth and/or transfer (Figure 2a and 2b). The single layer nature of the 

graphene was confirmed by Raman spectroscopy (Figure 2c). STM imaging 

confirmed an undulating graphene surface. Peak to peak height variations of 

2.5 nm were observed in line cross sections in regions free of cracks, residues 

and ripples. This is in agreement with values reported for exfoliated graphene 

on silicon/silicon dioxide.20,24 T3 was deposited on the graphene by drop-

casting a solution of T3 in octanoic acid (1 mM) and a STM tip was immersed 

into the liquid. Although detection was found to be more challenging than on 

graphene on nickel, molecular wires were observed readily. Typical 

dimensions over which homogeneous self-assembly was observed are again in 
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the order of 10-100 nm. In the present case, the corrugation of the graphene 

prevents us from imaging T3 at the submolecular level. 

 

Figure 2. (a) An atomic force microscopy (AFM) image of a 10 μm × 10 μm 

region of graphene on SiO2/Si as received from Graphene Supermarket. (b) An 

SEM image of region of graphene on SiO2/Si as received from Graphene 

Supermarket. (c) Raman spectrum of graphene on SiO2/Si substrate (λexc = 532 

nm). The spectrum shows a symmetrical 2D band centered at 2673 cm-1 with a 

full-width at half maximum of ~ 42 cm-1. 

Interestingly, the STM image shows that T3 molecular wires follow the 

corrugation of the graphene. By taking the average of the interline spacings 

observed in Figure 1e, a line spacing of 6.0 nm ± 0.1 nm was determined. This 

value agrees with the line spacing obtained on graphene on nickel. Again, the 

angle between neighboring domains is typically found to be close to 60o, which 

implies that graphene plays a role in the orientation of the molecular wires. 
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These observations constitute an important step: CVD grown graphene 

transferred to silicon/silicon dioxide, although strongly corrugated and 

displaying several defects and impurities, can still be used to self-assemble bis-

urea molecules into molecular wires. 

 

Figure 3. (a) Device preparation using a lithography-free process to pattern 

twelve large-area (1 mm × 1 mm) field-effect transistors (FET) on a 10 mm × 

10 mm chip of graphene on silicon/silicon dioxide. (b) Transfer curves of 10 

FETs on a chip. The inset displays a map of the chip. Within a chip the FETs 

display a spread in resistance. (c) Transfer curves for three FETs on different 

chips, showing that doping levels are uncontrolled, even after the annealing. 

In order to study how the self-assembly of T3 modifies the electronic properties 

of graphene, a lithography-free procedure was developed to prepare large-area 

transistors that avoids introduction of polymer residues during the patterning of 

graphene.25,26  Figure 3a schematically shows the procedure used. Graphene on 

silicon/silicon dioxide was obtained from both Graphene SupermarketTM and 



124 
 

GrapheneaTM. First, a 10 mm × 10 mm piece of fully covered monolayer 

graphene was covered with a shadow mask and etched in four strips of 1 mm × 

9 mm using two reactive ion etching steps in an oxygen plasma.27 Subsequently, 

four contacts were deposited on each strip to form twelve transistors in total 

(inset Figure 3b). After fabrication, the chip was glued to a chip carrier and 

wire bonded. When measuring the transfer characteristics of the transistors 

under ambient conditions, the charge neutrality point (CNP) was observed to be 

above the accessible gate voltage maximum (> 80 V). Therefore, the samples 

were loaded in a homebuilt vacuum chamber and annealed under high vacuum 

(5 · 10-6 mbar, 130 ºC) until the gate voltage position of the CNP saturated 

(typically after 10 h). 

 

Figure 4. (a) 11 transfer curves of a chip obtained from Graphene Supermarket 

(chip 1). (b) Transfer curves normalized with respect to the resistance at the 

CNP. (c) 4 probe versus 2 probe transfer curve of a FET on a Graphene 

Supermarket chip. The inset shows a close-up graph, from which a contact 

resistance of each gold-graphene contact is estimated to be 25 Ohms. 
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Figure 3b shows the transfer curves of ten FETs and highlights the large 

variation (up to 240 %) in the resistance between FETs (see also Figure 4a). 

Interestingly, by normalization of each transfer curve with respect to the 

maximum resistance found at the CNP, all traces fall on a single curve (Figure 

4b). Ill-defined contact resistances were excluded by comparing four-probe 

transfer curves with the two-probe transfer curves (Figure 4c). An etched area 

of  1.00 ± 0.05  mm × 1.00 ± 0.05 mm is confirmed by optical microscopy. We 

speculate that the spread in resistance comes from variations in defects in the 

graphene such as cracks. The effective graphene area of FETs with such 

defects might be reduced. Since the length of the transport channel is set by the 

electrode spacing this will result in an effective increase in the effective 

number of squares (> 1).28 When assuming that the FET with the lowest 

resistance is free of such defects, a mobility of 3.3 · 103 cm2 V-1 s-1 is obtained 

(FET 3c, mobility at the inflection point on the electron side). This value is 

comparable to values previously reported for FETs prepared from CVD 

graphene.17   

Although the  gate voltage positions of the CNPs of all FETs within a chip 

were found to be reduced by annealing in vacuum and to saturate at a certain 

voltage, still a large variation in gate voltage positions of the CNPs between 

chips was observed. Figure 3c shows three FET transfer curves of identically 

processed FETs on various chips from different sources. Again, pristine 

graphene FETs were generally found to be p-doped, although one chip was 

found to be close to undoped (see Figure 4a). Several methods of annealing the 

pristine graphene devices such as thermal annealing in Ar/H2
24,29 and current 

annealing30,31 were explored as to yield reproducible clean graphene with a 

well-defined CNP, but were not successful. 
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Figure 5. Optical images of graphene on SiO2/Si FETs before (left) and after 

(right) self-assembly of T3. 

After electrical characterization of the annealed devices, the chip was taken out 

of the vacuum chamber. Self-assembly of T3 on graphene on the same chip was 

performed by applying a drop of T3 in octanoic acid (1 mM) on top of the 

graphene FETs. Subsequently, the transistor was gently rinsed with isopropanol, 

blown dry using nitrogen, inspected for the presence of molecules using an 

optical microscope (Figure 5) and directly transferred to the vacuum chamber 

and annealed at 100 oC overnight under high vacuum. Gate spectroscopy 

analysis was performed at room temperature, after which the presence of 

molecules on the surface was again verified by optical microscopy (Figure 5). 

In total, forty six devices on eight different chips from different sources were 

analyzed.32  Figure 6a-c shows three examples of transfer curves before (blue 

curves) and after (red curves) T3 modification of the graphene. Figure 6d shows 

the difference in the gate voltage of the CNP before and after applying T3, 
3T

CNP
pristine

CNPCNP VVV  versus the initial gate voltage position of the CNP, 

pristine
CNPV for each transistor. Strikingly, the data is scattered around the line 

pristine
CNPCNP VV   which shows that after applying molecules, the CNP shifts 
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close to zero gate voltage independent of the initial gate voltage position of the 

CNP.  

 

Figure 6. a), b), c) Examples of transfer curves before (blue curve) and after 

self-assembly of T3 (red curve) on graphene on silicon/silicon dioxide. 

Correlation plots of d) shift observed in the gate voltage position of the charge 

neutrality point (CNP) and e) mobility ratio as a function of the gate voltage 

position of the CNP before molecular modification. Inset Figure 6d: histogram 

displaying the distribution of the voltage position of the CNP before (green) 

and after (yellow) molecular modification. 

Although an absolute value cannot be obtained exactly, the ratio of the 

mobilities before and after deposition of T3 (μmol/μpristine) can be used to deduce 

an increase or decrease in the mobility after molecular modifying the transistor 

(assuming the effective graphene area remains unaltered). Figure 6e shows 
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μmol/μpristine as a function of pristine
CNPV . We determined the mobility at the 

inflection point on the electron side (left of CNP) as described elsewhere.33 

FETs with a relatively large pristine
CNPV  display a relatively high increase in 

mobility, whereas devices initially close to pristine
CNPV = 0 display almost no 

change, or even a small decrease in mobility. 

 

Figure 7. STM images of C9 self-assembly on graphene on nickel (obtained 

from Graphene Supermarket). Imaging conditions: size (154 × 154 nm2), Iset = 

0.06 nA and Vbias = 0.5 V. Inset: chemical structure of C9. 

To determine whether the observed changes in doping levels and increase in 

mobility are due to the terthiophene moieties in T3,  FETs modified with bis-

urea compounds in which the central thiophene moiety was replaced by a 

saturated alkane (C9) were also studied. A similar dedoping and mobility 

increase compared to T3 was observed (Figure 7 and Figure 8). 
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Figure 8. Reference measurements comparing the shift in the gate voltage 

position of the CNP (left image) and the mobility ratio (right image) before and 

after modifying graphene FETs with C9 as a function of the gate voltage 

position of the CNP before C9 modification. 

 

Figure 9. Reference measurements comparing the shift in the gate voltage 

position of the CNP (left image) and the mobility ratio (right image) before and 

after modifying graphene FETs with octanoic acid only (no molecules were 

dissolved) as a function of the gate voltage position of the CNP before applying 

octanoic acid. 

Next, blank measurements on chips from each of the suppliers were performed 

as described above, using solvent only (i.e. no T3 dissolved, Figure 9). 
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Surprisingly, these FETs also show shifts in 0 CNPV for devices that were 

initially p-doped and almost no shift when pristine
CNPV  was close to zero, 

indicating that the solvent itself plays an important role in the observed 

dedoping and mobility increase. 

 

Figure 10. Transfer curves of a pristine FET soaked in hot octanoic acid (80 oC) 

for 1 hour (solid line). A C9 bis-urea modified FET was rinsed 2 × with hot 

octanoic acid as to remove C9 molecules (removal was verified using an optical 

microscope, dotted line). 

Pristine FETs were soaked for an hour in hot octanoic acid (80 ºC) to study the 

effect of solvent. The gate voltage position of the CNP of these FETs was 

found to be between -15 and -20 V (Figure 10). Similar n-doping was observed 

by removing C9 from a FET by rinsing twice with hot octanoic acid (80 ºC). 

Previously, changes in charge carrier mobility for suspended graphene in 
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different liquid environments were reported, but solvent induced doping was 

not studied.34 

To ascertain whether or not the presence of T3 monolayers influences the 

electronic properties of graphene, it is particularly interesting to examine the 

five pristine FETs that have their CNP initially close to 0 V. On average these 5 

devices show a small n-doping shift (1 ± 7 V) and a mobility ratio of 0.86 ± 

0.16. This indicates that T3 has only a weak interaction with the graphene and 

acts as a weak scatterer. This weak interaction can be understood when taking 

into account that due to stacking between adjacent terthiophene units, the 

thiophene rings will only partly interact with the graphene. Also note that the 

density of terthiophene units in a monolayer of T3 molecular wires on HOPG is 

about two orders of magnitude lower than the density of carbon atoms in 

graphene.  

6.3 Conclusions 

In conclusion, a combined study of the self-assembly of T3 molecular wires on 

graphene and its effect on the electrical properties of graphene is presented 

using commercially available CVD graphene. It is shown that commercially 

available CVD graphene can be used as a substrate for the self-assembly of T3 

molecular wires even when the graphene is highly undulating. Changes in 

doping levels and charge carrier mobility are observed in graphene transistors 

after T3 modification. We attribute these changes mostly to solvent induced 

cleaning of initially p-doped graphene. Nevertheless, occasional clean 

transistors reveal that the doping induced by the molecular wires in the 

graphene is at least an order of magnitude smaller than the doping observed by 

unwanted adsorbates. 
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6.4 Methods 

Measurements STM measurement was performed using a PicoSPM 

instrument (Molecular imaging, Scientec) at the liquid/solid interface. The 

STM tips were mechanically cut from Pt/Ir wire (80:20, diameter-0.25 mm, 

Goodfellow). Octanoic Acid (Sigma-Aldrich, ≥ 99%) and 2-propanol (Merck, 

UV grade) were used as received.  Before STM imaging, bis-urea-terthiophene 

T3 was dissolved in octanoic acid (1 mM, 0.81 mg/ml) at ~ 90 oC. A drop of the 

solution was drop-casted onto graphene/SiO2 or graphene/nickel surface. AFM 

measurement was performed on a Bruker NanoScope V instrument in tapping 

mode. SEM imaging was undertaken on a Jeol JSM 7000F Scanning Electron 

Microscope operated at 5 KV.  Raman spectra at 532 nm were obtained using a 

home built system comprising of a iDus-DU420A CCD detector coupled to a 

Shamrock 163i spectrograph (Andor Technology) and a 25 mW 532 nm DPSS 

laser (Cobolt Lasers) fibre coupled to an Olympus BX51 microscope (equipped 

with laserline clean up and edge filters from Semrock) with long working 

distance objectives. 

Transistor fabrication A shadow masks system was designed and realized in 

our workshop. Reactive Ion Etching was performed in a homebuilt system 

(Oxygen, 40W, 9 sccm, 20 seconds per step, 0.009 mbar). Titanium/gold 

contacts (5 nm/40 nm) were deposited using a Temescal e-gun evaporation 

system (TFC2000) with a base pressure of 5·10-7 mbar.  Devices were cut in 

two pieces prior to be glued to a chip carrier.  

Electrical characterization 2-probe current biased measurements were 

performed using a 100 nA AC modulation (typically 300 Hz) from a homebuilt 

current source. The resistance was determined by measuring the voltage drop 

using a standard lock-in technique (Stanford SR830) and a homebuilt voltage 

amplifier. The gate voltage was applied by a Keithley 2400 Source Meter Unit. 
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In the 4-probe measurement the current was sent through the outer contacts, 

while the voltage drop across the inner contacts was measured. 
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Chapter 7 

Self-assembly of alkyl-porphyrins on large area chemical vapor deposition 

(CVD) graphene on nickel and SiO2 substrates and the interaction between 

graphene and alkyl-porphyrins 

 

Abstract 

The two-dimensional conjugated sp2 structure of graphene makes it an ideal 

template for patterning oriented and ordered supermolecular self-assembled 

structures. Understanding the self-assembly of molecules on graphene is a key 

step for the further design of graphene-based electronic devices. In this chapter, 

the self-assembly of two alkyl-Ni(II)-porphyrins on large area chemical vapor 

deposition (CVD) graphene (both on nickel and SiO2/Si substrates) was studied 

using scanning tunneling microscopy (STM). Graphene on a nickel substrate is 

flatter than on SiO2/Si, enabling submolecular resolution of porphyrins on the 

former surface. On graphene/SiO2, submolecular resolution of porphyrins could 

not be obtained mainly due to the corrugation of the graphene. The interaction 

between graphene and porphyrins was studied by Raman and UV/Vis 

spectroscopy, and the data indicate that graphene and porphyrins can interact 

electronically. 
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7.1 Introduction 

Over the last decade, graphene has attracted tremendous attention due to its 

excellent electrical, optical, thermal and mechanical properties.1 It is expected 

that graphene can be potentially used in sensors, nanoelectronic devices, energy 

materials, composites, etc.2 To realize these applications, preparation of large 

area high quality graphene in a controllable and reproducible manner is a 

prerequisite. Several methods have been reported to obtain graphene, including 

mechanical cleavage,3 reduction of graphene oxide,4 solvent dispersion of 

graphite,5,6 organic synthesis,7 growing on silicon carbide8 and chemical vapor 

deposition (CVD),9,10 as discussed in the introduction chapter. Among them, 

CVD growth of graphene on metal substrates is well developed and has 

attracted a lot of attention because it yields high quality graphene films on a 

large scale that are readily transferred to other substrates, including the 

commonly used SiO2/Si. Several reports have described the fabrication of 

graphene/SiO2 field effect transistors (FETs) and the recovery of the intrinsic 

properties of graphene from CVD graphene.11,12 Although progress has been 

made in this area, major challenges remain. For example, precise control and 

tuning of the electronic properties of graphene is still limited by the lack of 

highly specific homogenous and reproducible methods, which are both 

important issues in graphene based electronic devices.13 An interesting route to 

modify graphene’s electronic properties is to use surface chemistry. Chemical 

functionalization of graphene is expected to be effective in modulating the 

electronic structure of graphene. Covalent functionalization normally induces 

damage to the carbon lattice and changes the electronic properties of 

graphene.14 In contrast, surface functionalization of graphene through 

noncovalent approaches holds the potential to tune the electronic properties of 

graphene without disrupting the carbon sp2 lattice.15-20 Furthermore, the 

reactivity of graphene could be altered by the absorption of organic 

molecules.21 The two-dimensional conjugated sp2 structure of graphene makes 
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it an ideal template for patterning oriented and ordered supermolecular 

structures. Indeed it has been reported that periodic potential modulation on 

graphene induced by periodic strain or doping could be used to tune the band 

structure of graphene.22,23 

Porphyrins are highly versatile in organic electronic devices due to their 

remarkable electronic properties.24 However, from the point of view of device 

application, the performance of these materials not only depends on the 

molecular electronic structure, but also is affected by molecular packing, i.e., 

the morphology of the films. Highly ordered porphyrin structures usually yield 

enhanced charge carrier mobility and injection across an interface, and 

eventually better performance of the electronic devices.25-27 Our group has 

previously demonstrated the self-assembly of alkyl-porphyrins on highly 

oriented pyrolytic graphite (HOPG).28 Although molecular packing and 

morphology control on HOPG have been studied extensively over the last 

decades,29,30 studying the self-assembly of molecules on graphene/SiO2 devices 

is still challenging mainly due to: (i) the difficulty in approaching the STM tip 

exactly to the conducting graphene area on the insultating SiO2 substrate,31 (ii) 

the corrugation of the graphene itself on the SiO2 substrate makes it difficult to 

obtain STM images with high resolution.32 In this chapter, the self-assembly of 

alkyl-Ni(II)-porphyrins on large area CVD graphene deposited both on 

conducting nickel and insulating SiO2/Si substrates is shown by STM 

measurements. The interaction between alkyl-Ni(II)-porphyrins and graphene 

is also discussed. 

7.2 Results 

The synthesis of alkyl-Ni(II)-porphyrins is shown in Scheme 1. Briefly, pyrrole 

was reacted with alkyl-aldehydes in nitrobenzene and acetic acid at reflux for 1 

h. After purification, alkyl-porphyrins were obtained. The alkyl-porphyrins 

were further reacted with Ni(OAc)2·4H2O in ethanol/CHCl3 mixture to yield 
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the alkyl-Ni(II)-porphyrins. The synthesis and characterization are provided in 

the experimental part. 

 

Scheme 1. Synthesis of Cn-Ni(II)-porphyrins. 

The self-assembly of C12- and C18-Ni (II)-porphyrin was studied first on 

graphene on nickel, because the nickel substrate is conducting and therefore it 

is much easier to perform STM measurements. Graphene on nickel was 

purchased from Graphene Supermarket. Cn-Ni(II)-porphyrin was deposited on 

graphene/nickel substrate by drop-casting a solution of Cn-Ni(II)-porphyrin 

(tetradecane, 1 mM) and the STM tip was immersed into the liquid for the 

STM measurement (see methods).  
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Figure 1. STM images of C12-Ni (II)-porphyrin (a, b) and C18-Ni (II)-porphyrin 

(c, d) self-assembled on graphene on nickel substrate. Imaging conditions: (a) 

size (52 × 52 nm2), Iset = 0.1 nA and Vbias = 0.6 V. (b) size ( 15.2 × 15.2 nm2), 

Iset = 0.1 nA and Vbias = 0.6 V. The unit cell is drawn: a = 1.7 ± 0.2 nm, b = 2.0 

± 0.2 nm, α = 80 ± 7º. (c) size (67.9 × 67.9 nm2), Iset = 0.015 nA and Vbias = 0.5 

V. (d) size (10 × 10 nm2), Iset = 0.01 nA and Vbias = 0.5 V. The unit cell is 

drawn: a = 2.1 ± 0.1 nm, b = 2.4 ± 0.3 nm, α = 78 ± 6º. (e) Scheme of the 

packing model of C12-Ni (II)-porphyrin on graphene/nickel. Two alkyl chains 

are physisorbed on the graphene surface.28 

Figure 1 summarizes the STM images of the two porphyrins self-assembled on 

the graphene/nickel substrate. C12-Ni(II)-porphyrin forms ordered patterns on 
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graphene on nickel (Figure 1a). When zoomed in, submolecular resolution of  

C12-Ni (II)-porphyrin can be achieved (Figure 1b). The bright spots are 

ascribed to the core of the C12-Ni(II)-porphyrin. The parameters of the unit cell 

consisting of four molecules are determined to be: a = 1.7 ± 0.2 nm, b = 2.0 ± 

0.2 nm, α = 80 ± 7º. As for C18-Ni(II)-porphyrin, it also forms an ordered 

monolayer on the graphene on nickel (Figure 1c). The core of C18-Ni(II)-

porphyrin appears as bright spots. The dark areas between the bright spots are 

occupied by the alkyl chains, which are less resolved (Figure 1d). The unit cells 

parameters are larger than those of  C12-Ni(II)-porphyrin, which is due to the 

longer alkyl length of C18-Ni (II)-porphyrin (a = 2.1 ± 0.1 nm, b = 2.4 ± 0.3 nm, 

α = 78 ± 6º, Figure 1d). 

Figure 2 shows STM images of C12- and C18-Ni(II)-porphyrin self-assembed on 

graphene on SiO2. Graphene on SiO2 was purchased from Graphene 

Supermarket. Cn-Ni(II)-porphyrin was deposited on graphene/SiO2 substrate by 

drop-casting a solution of Cn-Ni(II)-porphyrin (tetradecane, 1 mM) and the 

STM tip was immersed into the liquid for the STM measurement (see methods). 

It is known that graphene interacts weakly with the underlying SiO2 substrate, 

is not flat and tends to form corrugations.32 The STM measurements are 

sensitive to corrugations, thus making high resolution of the two porphyrins 

challenging. Figure 2a and 2c shows the large area STM image of C12- and C18-

Ni(II)-porphyrin on graphene/SiO2. The two compounds both form ordered 

structures. The regular pattern formed by the two porphyrins even follows the 

corrugated zones. The bright areas are attributed to the corrugation of graphene 

(the relative higher areas are labeled with ovals in Figure 2). The height of the 

corrugation is mainly between 1.5 and 2.5 nm. Higher resolution of molecular 

structures could be obtained at a smaller scan range. However, submolecular 

images of the two compounds were not obtained mainly due to the corrugation 

of graphene.  
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Figure 2. STM images of C12-Ni(II)-porphyrin (a, b) and C18-Ni(II)-porphyrin 

(c, d) self-assembled on graphene on SiO2 substrate. Imaging conditions: (a) 

size (100 × 100 nm2), Iset = 0.006 nA and Vbias = 0.5 V. (b) size (53.2 × 53.2 

nm2), Iset = 0.006 nA and Vbias = 0.5 V. (c) size (100 × 100 nm2), Iset = 0.01 nA 

and Vbias = 0.5 V. (d) size (47.5 × 47.5 nm2), Iset = 0.006 nA and Vbias = 0.5 V. 

It was found that, the C6-Ni(II)-porphyrin did not form ordered patterns on 

graphene on either of the substrates presumably due to the alkyl chain length 

(C6) being too short, thus the hydrophobic interaction with graphene is too 

weak. Implying that the hydrophobic interaction of C12- or C18-Ni(II)-porphyrin 

with graphene plays an important role in the formation of ordered stuctures. 

This is also in agreement with the observations by Neves and co-workers, who 

demonstrated that short octylphosphonic acids did not fulfill the requirements 

for the formation of ordered structures on HOPG.33 The authors attribute this to 

the decreased van der Waals interaction between the alkyl backbone and 

carbon atoms on HOPG, which are too small due to the short alkyl chain. 
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Figure 3. (a) Raman spectra (λexc = 532 nm) of graphene on SiO2/Si, C12-

Ni(II)-porphyrin on SiO2/Si, C12-Ni(II)-porphyrin on graphene/SiO2/Si and C12-

Ni(II)-porphyrin was removed by rinsing the graphene/SiO2/Si substrate with 

CHCl3. Spectra were background subtracted and baseline corrected. (b) Raman 

spectra (λexc = 532 nm) of graphene on SiO2/Si, C18-Ni(II)-porphyrin on SiO2/Si, 

C18-Ni(II)-porphyrin on graphene/SiO2/Si and C18-Ni(II)-porphyrin was 

removed by rinsing the graphene/SiO2/Si substrate with CHCl3. Spectra were 

background subtracted and baseline corrected. (c) Change in the G/2D band 

ratios before and after deposition of C12-Ni(II)-porphyrin and C18-Ni(II)-

porphyrin, and after the removal of the porphyrins using CHCl3 rinsing. 

Raman spectroscopy was used to study the interaction between graphene and 

the porphyrins. The Raman spectrum of graphene on SiO2/Si shows a typical G 

band at 1582 cm-1, and also a 2D band at 2673 cm-1.34 The shape and full width 

at half maximum (FWHM) of the 2D band (~ 42 cm-1) is a signature of single-
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layer graphene.34 After deposition of C12-Ni(II)-porphyrin and C18-Ni(II)-

porphyrin, the position of the 2D band of graphene shifted towards 2679 cm-1. 

After washed with CHCl3, the  position of the 2D band of graphene shifted 

back to the original position. Moreover, the ratios of the intensity between the 

G and 2D band (IG/I2D) of graphene after deposition of C12-Ni(II)-porphyrin and 

C18-Ni(II)-porphyrin increased, and they returned again to the original values 

after removing the porphyrins by washing with CHCl3. The change of IG/I2D 

ratios can be attributed to a combination of electron-phonon and electron-

electron scattering.35 For C12-Ni (II)-porphyrin and C18-Ni (II)-porphyrin, their 

spectra were also shifted upon deposition onto graphene. The shifts of the 2D 

band of graphene, the increase of the G/2D ratios and also the shift of the 

porphyrin bands indicate that the interaction between graphene and porphyrins, 

and also graphene and porphyrins are sufficiently showing to alter their 

electronic and vibrational properties. However, there is no obvious difference 

of Raman spectra between C12-Ni (II)-porphyrin and C18-Ni (II)-porphyrin on 

graphene. 

 

Figure 4. (a) UV/Vis absorption spectra of C12-Ni(II)-porphyrin on quartz 

(solid line) and C12-Ni(II)-porpyrin on graphene/quartz (dotted line). (b) 

UV/Vis absorption spectra of C18-Ni(II)-porphyrin on quartz (solid line) and 

C18-Ni(II)-porpyrin on graphene/quartz (dotted line). 
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The interaction between graphene and porphyrins was further studied by 

UV/Vis absorption spectroscopy. As shown in Figure 4a, C12-Ni(II)-porphyrin 

on quartz shows a Soret band at 420 nm, together with a Q band at 538 nm. 

The absorption spectrum of C12-Ni(II)-porphyrin on graphene/quartz shows a 

broadened band at 422 nm and also a band at 543 nm. The absorption spectra 

of C18-Ni(II)-porphyrin on quartz and also on graphene/quartz are shown in 

Figure 4b. C18-Ni(II)-porpyrin on quartz shows a Soret band at 422 nm and also 

a Q band at 542 nm. For C18-Ni(II)-porphyrin on graphene/quartz, two 

broadened bands are observed at 427 nm and 546 nm, respectively. In both 

cases, the Soret and Q bands of porphyrins on graphene/quartz show red shifts 

compared with those of porphyrins on bare quartz, suggesting that the 

interactions between graphene and porphyrins (which are likely to be π-π 

interactions).  

7.3 Conclusions 

In summary, the self-assembly of two alkyl-Ni(II)-porphyrins on large area 

CVD graphene (both on nickel and SiO2/Si substrates) was studied by STM. 

Graphene on nickel is flatter than on SiO2/Si, submolecular resolution of 

porphyrins on graphene on nickel can be obtained. On the graphene/SiO2 

substrate, submolecular resolution of porphyrins could not be obtained due to 

the corrugation of graphene. An improvement could be achieved by deposition 

of graphene on boron nitride to obtain flatter graphene.20 The interaction 

between graphene and porphyrins was studied by Raman and UV/Vis 

absorption spectroscopy, indicating that graphene and the porphyrins can 

interact electronically. The coordination metal of the porphyrins can also be 

replaced with other metal ions. It is reasonable to anticipate that the present 

strategy for templating porphyrins on graphene substrates could also be 

extended to other molecular systems. 
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7.4 Methods 

Instruments NMR spectra were recorded using a Varian VXR-400 

spectrometer (400 MHz). Raman spectra at 532 nm were obtained using a 

home built system comprising of a iDus-DU420A CCD detector coupled to a 

Shamrock163i spectrograph (Andor Technology) and a 25 mW 532 nm DPSS 

laser (Cobolt Lasers) fibre coupled to an Olympus BX51 microscope (equipped 

with laserline clean up and edge filters from Semrock) with long working 

distance objectives. Samples for Raman analysis were prepared by spin coating 

a few drops of the porphyrin solutions (0.05 mM in CHCl3) on the 

graphene/SiO2 substrate or SiO2 substrate followed by drying under vacuum. 

STM measurements were performed using a PicoSPM instrument (Molecular 

imaging, Scientec). The STM tips were mechanically cut from Pt/Ir wire (80:20, 

diameter-0.25 mm, Goodfellow). Before STM imaging, porphyrins were 

dissolved in tetradecane (1 mM) at ~ 50 oC. A drop of the solution was drop-

casted onto graphene on nickel or graphene on SiO2. The STM tip was 

immersed into the liquid for the STM measurement and the scanning started ~ 

5 min after drop-casting. UV/Vis spectra were obtained on a JASCO V-630 

UV/Vis Spectrometer. Samples for UV/Vis analysis were prepared by spin 

coating a few drops of the porphyrin solutions (0.05 mM in CHCl3) on 

graphene on quartz substrate or bare quartz substrate. 

Chemicals and materials C6H13CHO (Aldrich, 95%), C12H25CHO (Alfa Aesar, 

96%), pyrrole (Aldrich, 98%), nitrobenzene (Acros Organics, 99%), acetic acid 

(Merck, 100%), Ni(OAc)2·4H2O (Aldrich, 98%) and tetradecane (Sigma-

Aldrich, ≥ 99%) were used as received. C18H37CHO was synthesized according 

to a literature procedures.36 Graphene on nickel, SiO2 and quartz substrates 

were purchased from Graphene supermarket and used as received.37 
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Cn-porphyrin synthesis (n = 6, 12, 18) 

Cn-CHO (25 mmol) was dissolved in nitrobenzene (200 ml) and acetic acid 

(125 ml). Pyrrole (25 mmol) was added and the mixture was heated at reflux 

for 1 h. The solvent was removed under reduced pressure and the crude product 

was purified by column chromatography to afford the Cn-porphyrin product 

(neutral Al2O3, DCM, 1.5-2%). 

Cn-Ni (II)-porphyrin synthesis 

Cn-porphyrin (0.05 mmol) and Ni(OAc)2·4H2O (0.2 mmol) were heated at 

reflux overnight in ethanol/CHCl3 (9:1, 5 ml). The solvents were removed in 

vacuo and the crude product was purified by column chromatography to afford 

the desired product (neutral Al2O3, DCM, 60-75%). 

C6-Ni (II)-porphyrin 

1H NMR (400 MHz, CDCl3)  0.88 (t, 3JHH = 6.0 Hz, 12H, 4CH3), 1.26–1.36 

(m, 8H, 4CH2), 1.35–1.43 (m, 8H, 4CH2), 1.50–1.59 (m, 12H, 3CH2), 4.47 (t, 
3JHH = 8 Hz, 8H, 4CH2), 9.23 (s, 8H, 8CH). 13C NMR (100 MHz, CDCl3)  

14.2, 22.7, 30.0, 31.8, 33.9, 37.2, 116.8, 129.6, 141.1. HRMS (ESI) cal. for 

C44H60N4Ni [M+H] 703.42, found 703.42. Elemental analysis: cal.: C 75.1%, H 

8.59%, N: 7.96%; found: C 74.8%, H 8.66%, N: 7.90%. 

C12-Ni (II)-porphyrin 

1H NMR (400 MHz, CDCl3)  0.87 (t, 3JHH = 6.4 Hz, 12H, 4CH3), 1.20–1.34 

(m, 56H, 28CH2), 1.36–1.45 (m, 8H, 4CH2), 1.48–1.59 (m, 8H, 4CH2), 2.17–

2.27 (m, 8H, 4CH2), 4.47 (t, 3JHH = 6 Hz, 8H, 4CH2), 9.23 (s, 8H, 8CH). 13C 

NMR (100 MHz, CDCl3)  14.1, 22.7, 29.4, 29.6, 29.7, 30.4, 31.9, 33.9, 37.2, 

116.8, 129.6, 141.1. HRMS (ESI) cal. for C68H108N4Ni [M+H] 1039.80, found 
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1039.80. Elemental analysis: cal.: C 78.5%, H 10.5%, N: 5.39%; found: C 

78.6%, H 10.7%, N: 5.36%. 

C18-Ni (II)-porphyrin 

1H NMR (400 MHz, CDCl3)  0.89 (t, 3JHH = 8.0 Hz, 12H, 4CH3), 1.20–1.34 

(m, 104H, 52CH2), 1.35–1.44 (m, 8H, 4CH2), 1.50–1.56 (m, 8H, 4CH2), 2.19–

2.26 (m, 8H, 4CH2), 4.46 (t, 3JHH = 8.0 Hz, 8H, 4CH2), 9.23 (s, 8H, 8CH). 13C 

NMR (100 MHz, CDCl3)  14.1, 22.7, 29.3, 29.5, 29.7, 30.3, 31.9, 33.9, 37.2, 

116.8, 129.6, 141.1. HRMS (APCI) cal. for C92H156N4Ni [M+H] 1076.18, 

found 1076.18. Elemental analysis: cal.: C 80.3%, H 11.4%, N: 4.07%; found: 

C 80.4%, H 11.7%, N: 4.03%. 
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Summary and outlook 

Since 2004, considerable progress has been made on graphene, mainly due to 

contributions by physicists, chemists and material scientists from all over the 

world. Preparation of high quality graphene flakes and precisely modulating 

the properties of graphene through functionalization are amongst the most 

pressing topics in graphene research. 

This thesis focused on the preparation of graphene dispersions, and also 

functionalization of graphene (graphene dispersions and CVD grown graphene) 

using covalent and noncovalent supermolecular approaches. 

The preparation of graphene using the solvent dispersion method has already 

seen impressive progress over the last five years. Single- and few-layer 

graphene flakes with relatively small sizes can be prepared in various solvents, 

as described in Chapter 2 and 3. In Chapter 3, a simple solvent exchange 

method to prepare graphene in a low boiling point solvent, ethanol, was 

developed. Relatively stable graphene dispersions were studied by several 

spectroscopic and microscopy techniques, and the films formed showed good 

conductivity. Toward future improvements of the solvent dispersion method of 

graphene, the preparation of graphene with large flake size and a low content of 

defects is highly desirable. Also, developing new mild and effective methods to 

exfoliate graphite to prepare graphene is appealing. Controlling the nature of 

the graphene flakes and selecting graphene flakes with uniform thickness and 

size, and avoiding contamination are important aspects for device applications. 

The functionalization of graphene using covalent approaches has seen major 

developments over the past few years, in order to increase the dispersibility and 

processibility of graphene. In Chapter 4, highly functionalized stable graphene 

dispersions notably in water were obtained through a zwitterion intermediate 

cycloaddition reaction onto exfoliated graphene flakes. The functionalized 
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graphene was characterized by several spectroscopic and microscopic 

techniques. The functionalized graphene films show conductivity several 

orders of magnitude higher than graphene oxide. 

Combining graphene with functional molecules bearing photoactive or redox 

active units through covalent approaches has also drawn a lot of attention. In 

Chapter 5, two types of graphene-porphyrin hybrid materials were prepared 

using one pot cycloaddition reactions. The graphene-porphyrin hybrid 

materials were characterized using a number of spectroscopic and microscopy 

techniques. The relatively low degree of functionalization of these two hybrid 

materials may allow for the retention of graphene’s intrinsic properties, 

especially in comparison with materials prepared via graphene oxide for 

example. 

Covalent functionalization on graphene may change the electronic properties of 

graphene. Therefore, controlling the degree of functionalization of graphene is 

important for graphene-based device applications (as described in Chapter 4 

and 5). Site selective functionalized graphene, for example, edge selective 

functionalized graphene, is expected to preserve the intrinsic properties of 

graphene and at the same time may introduce novel properties to these hybrid 

materials. On the other hand, incorporating covalently functionalized graphene 

into polymers or other matrices is expected to allow nanocomposites with 

enhanced mechanical, electrical and thermal properties to be fabricated. In 

particular, milder approaches to covalent functionalization of graphene still 

need to be developed to broaden the chemistry of graphene and their 

applications. 

In Chapter 6, commercially available large area CVD graphene was used as a 

substrate for the self-assembly of bis-urea-terthiophene T3 molecular wires 

even when the graphene is highly corrugated, as revealed by scanning 

tunneling microscopy (STM) measurement. Clean transistors reveal that the 



157 
 

doping induced by the molecular wires and the graphene is at least an order of 

magnitude less than the doping produced by unwanted adsorbates. 

In Chapter 7, the self-assembly of two alkyl-Ni (II)-porphyrins on large area 

CVD graphene was studied using scanning tunneling microscopy (STM). The 

interaction between graphene and porphyrins was studied by Raman and 

UV/Vis absorption spectroscopy. The data indicate that graphene and 

porphyrins can affect each other electronically. 

The unique two-dimensional structure of graphene makes it an ideal template 

for self-assembly of molecules. Chapter 6 and 7 focus on the self-assembly of 

bis-urea-terthiophene and alkyl-Ni(II)-porphyrins both on graphene on nickel 

and SiO2 substrates. Submolecular resolution of the molecules on 

graphene/SiO2 could not be obtained due to the corrugation of graphene. 

Graphene on a boron nitride substrate might be a better option to obtain higher 

resolution of the molecules. Self-assembly molecular layer can be used to tune 

the electronic properties of graphene. Furthermore, self-assembly of both donor 

and acceptor molecules on graphene could be an optional approach to achieve 

P-N junctions, without the need to cut or etch graphene. For the noncovalent 

functionalization of graphene, methodology for understanding the charge 

transfer process and the spatial distribution of charge carriers will be 

fundamentally important to further design novel graphene-based hybrid 

materials. 
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总结与展望 

从 2004 年以来，有关石墨烯的研究已经取得了很大的进展，这得益于全

世界的物理学家、化学家以及材料学家的贡献。制备高质量的石墨烯以

及通过功能化修饰手段精确调控石墨烯的性质是石墨烯研究领域的热点

之一。 

本论文的研究重点在于：制备溶液中分散的石墨烯，以及通过共价和非

共价（超分子）手段修饰石墨烯（所使用的石墨烯的制备方法包括溶液

分散法和化学气相沉积法）。 

在过去五年中，溶剂分散法制备石墨烯取得了显著的进展。正如第二、

三章中所讨论的，尺寸较小的单层、寡层石墨烯可以被分散在多种溶剂

之中。在第三章中，采用溶剂置换的方法制备了可在低沸点溶剂乙醇中

均匀分散的石墨烯，并通过各种光谱和显微技术表征了石墨烯在乙醇中

的分散态，并且所制备出来的石墨烯膜具有良好的导电性。溶剂分散法

制备石墨烯可以进一步提高的方面包括：制备缺陷较少的大尺寸的石墨

烯；发展更加有效和温和的方法分散石墨烯；制备尺寸和层数均一的石

墨烯以提高其在器件应用方面的性能。 

在过去的几年中，通过共价手段修饰石墨烯以提高其分散性和可加工性

的研究也取得了较大的进展。在第四章中，通过在溶剂分散的石墨烯上

进行两性离子环加成反应，成功制备出功能化程度较高的石墨烯。这种

功能化修饰的石墨烯可以分散在水中，进而通过各种光谱和显微手段表

征了功能化修饰的石墨烯，其导电性比氧化石墨烯高几个数量级。 

通过共价手段将具有光学活性或氧化还原活性的分子接枝到石墨烯上也

引起了广泛的兴趣。在第五章中，通过一步环加成反应制备出两种石墨

烯-卟啉杂化材料，并通过各种光谱和显微手段表征了这两种杂化材料。
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相对通过氧化石墨烯功能化修饰的途径而言，本章中制备的杂化材料具

有较低的功能化程度，这有助于保持石墨烯的本征特性。 

正如第四、五章中所讨论的，通过共价手段修饰石墨烯可能会改变石墨

的性质，因此调控石墨烯的功能化程度就十分必要。例如，边缘选择性

功能化的石墨烯有望既保留石墨烯的本征特性，还有可能引入新的性

质。另一方面，将共价功能化修饰的石墨烯添加到聚合物或其它基质材

料中可以用来提高复合材料的力学、电学和热力学性能。同时，发展更

加温和的共价修饰石墨烯的方法有利于扩展石墨烯化学及其应用。 

在第六章中，利用扫描隧道显微镜研究了含双脲基寡聚噻吩 T3 在化学气

相沉积法制备的大面积石墨烯上的自组装行为。即使石墨烯存在很多褶

皱，T3 分子仍然能够在石墨烯表面自组装成有序结构。晶体管器件研究

表明，T3分子对石墨烯的掺杂要比其它吸附物至少低一个数量级。 

在第七章中，利用扫描隧道显微镜研究了烷基长链卟啉在化学气相沉积

法制备的大面积石墨烯表面的自组装行为。并通过拉曼和紫外光谱研究

了石墨烯和烷基长链卟啉之间的相互作用，证明了两者之间存在的电子

相互作用。 

石墨烯独特的二维结构使其可以作为分子自组装的基底材料。第六、七

章研究了含双脲基寡聚噻吩和烷基长链卟啉在大面积石墨烯上（包括在

金属镍和二氧化硅基底上制备的石墨烯）的自组装行为。由于石墨烯在

二氧化硅表面上存在褶皱，没有能够获得亚分子尺度的扫描隧道显微镜

图。使用硼氮作为基底材料可以得到相对较为平整的石墨烯，因此有望

得到更为清晰的分子图像。石墨烯上的自组装分子层可以用来调控石墨

烯的电子性质。同时组装给体和受体分子可以在石墨烯表面形成 P-N 

结，避免裁剪或刻蚀石墨烯的过程。更进一步研究石墨烯与分子界面上
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的电荷转移和载流子分布对设计新的基于石墨烯的杂化材料具有十分重

要的指导意义。 
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Samenvatting en vooruitzichten 

Sinds 2004 heeft het onderzoek aan grafeen een aanzienlijke ontwikkeling 

doorgemaakt door bijdrages van natuurkundigen, scheikundigen en 

materiaalonderzoekers van over de hele wereld.  Het produceren van grafeen 

met een hoge kwaliteit en het afstemmen van de eigenschappen van grafeen 

door middel van chemische functionalisatie behoren tot de meest urgente 

onderwerpen in het grafeen onderzoek. 

Dit proefschrift richt zich op de bereiden van dispersies van grafeen en op het 

chemisch functionaliseren van grafeen (dispersies van grafeen en grafeen 

gemaakt met CVD-neerslagtechnieken) door gebruik te maken van zowel 

covalente als niet-covalente supermoleculaire methodes. 

In de afgelopen vijf jaar heeft het bereiden van grafeen vanuit een dispersie een 

indrukwekkende ontwikkeling doorgemaakt. In hoofdstuk 2 en 3 staat 

beschreven hoe schilfertjes grafeen van één of twee laagjes dik met relatief 

kleine afmetingen in verschillende oplosmiddelen kunnen worden 

gedispergeerd. In hoofdstuk 3 staat beschreven hoe grafeen in ethanol, een 

oplosmiddel met een laag kookpunt, bereid kan worden met een eenvoudige 

oplosmiddel uitwisselingsmethode. Deze relatief stabiele grafeen dispersies 

werden onderzocht met behulp van spectroscopische en microscopische 

technieken en de dunne lagen die uit deze dispersies werden gemaakt hadden 

een goede elektrische geleidbaarheid. Wenselijke verbeteringen van de 

dispersies van grafeen zijn het vergroten van de grafeen schilfers en het 

verminderen van het aantal defecten. Ook het ontwikkelen van nieuwe milde en 

meer effectieve methodes om grafeen te isoleren door grafiet laag na laag af te 

schilferen is aantrekkelijk.  Het controleren van de aard van grafeen schilfers, 

het selecteren van grafeen met een uniforme dikte en grootte en het reduceren 

van vervuiling zijn belangrijke aspecten voor het ontwikkelen van toepassingen. 
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Het chemisch functionaliseren van grafeen met covalente methoden om grafeen 

makkelijker in een dispersie te krijgen, en daarmee beter te verwerken, heeft de 

afgelopen jaren sterke ontwikkelingen doorgemaakt. In hoofdstuk 4 werd een 

stabiele dispersie van grafeen in water gerealiseerd door een zogenaamde 

zwitterion gemedieerde cycloadditie reactie op mechanisch afgeschilferd 

grafeen toe te passen. Het gefunctionaliseerde grafeen werd gekarakteriseerd 

door middel van spectroscopische en microscopische technieken. De dunne 

lagen die uit deze dispersies werden gemaakt hebben een elektrische 

geleidbaarheid die enkele ordes van groottes hoger is dan die van grafeenoxide. 

Ook is er veel belangstelling voor het aanbrengen van moleculen met 

fotoactieve groepen of redox groepen door middel van covalente methoden. In 

hoofdstuk 5 werden twee typen grafeen-porfyrine hybride materiaal gemaakt 

door middel van een zogenaamde ‘one pot’ cycloadditie reactie. De grafeen-

porfyrine hybride materialen werden gekarakteriseerd door verschillende 

spectroscopische en microscopische technieken. In vergelijking tot 

grafeenoxide werd het grafeen slechts in geringe mate gefunctionaliseerd, 

waardoor het de oorspronkelijke eigenschappen grotendeels heeft behouden. 

Het aanbrengen van functionele groepen op grafeen door middel van covalente 

bindingen kan de elektrische eigenschappen van het grafeen beïnvloeden. 

Daarom is het beheersen van de mate waarin het grafeen chemische 

gefunctionaliseerd wordt van groot belang (beschreven in hoofdstuk 4 en 5). 

Het controleren van de precieze locatie op het grafeen waar functionele 

groepen aangebracht kunnen worden, bijvoorbeeld alleen aan de randen, biedt 

wellicht de mogelijkheid om de elektrische eigenschappen te behouden, terwijl 

er andere nieuwe eigenschappen worden toegevoegd. Ook het vermengen van 

dit gemodificeerde grafeen met polymeren of andere matrices kan nieuwe 

composietmaterialen opleveren met verbeterde mechanische, elektrische en 
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thermische eigenschappen. In het bijzonder is het relevant om mildere condities 

te vinden voor covalente chemische functionalisatie van grafeen. 

Hoofdstuk 6 laat zien dat commercieel verkrijgbaar CVD grafeen met relatief 

grote oppervlaktes gebruikt kan worden om de zelf-assemblage van bis-urea-

terthiophene (T3) moleculen tot nanodraadjes te realiseren, zelfs als het grafeen 

verre van vlak is. De draadjes werden gevisualiseerd met een scanning 

tunneling microscoop. De studie laat zien dat de mogelijk geïnduceerde 

dotering van het grafeen door de aanwezigheid van de T3 nanodraadjes ten 

minste een orde van grootte lager is dan de achtergronddotering die vaak nog 

ongewenst in dit grafeen aanwezig is. 

In hoofdstuk 7 wordt de spontane ordening van twee verschillende alkyl-Ni(II) 

porfyrines op CVD grafeen met behulp van een rasterelektronenmicroscoop  

bestudeerd. De invloed van de porfyrines op het grafeen werd onderzocht met 

Raman en UV/Vis spectroscopie. De resultaten laten zien dat grafeen en 

porfyrines elkaar elektronisch kunnen beïnvloeden.  

De unieke twee-dimensionale structuur van grafeen maakt het een ideaal 

substraat voor de spontane ordening van moleculen. Hoofdstuk 6 en hoofdstuk 

7 richten zich op de zelf-assemblage van alkyl-Ni(II) porfyrines op grafeen op 

nikkel en op grafeen op SiO2. Submoleculaire resolutie van de moleculen op 

grafeen op SiO2 kon niet verkregen worden vanwege de golving in grafeen 

wanneer het op SiO2 is aangebracht. Het bestuderen van zelf-assemblage op 

grafeen op een vlak substraat zoals boor nitride is wellicht geschikter om 

moleculen met een hogere resolutie zichtbaar te maken. Zelf-geassembleerde 

monolagen kunnen gebruikt worden om de elektronische eigenschappen van 

grafeen precies af te stemmen. Bovendien kan het doteren van grafeen met 

zowel acceptoren als donoren een aanpak opleveren om zogenaamde P-N 

overgangen te realiseren zonder dat het grafeen daarbij gesneden of geëtst hoeft 

te worden. Voor het verder ontwerpen van nieuwe materialen met behulp van 



166 
 

niet-covalente chemische functionalisatie van grafeen is het van belang om 

methodes te ontwikkelen die het ladingsoverdracht proces tussen grafeen en de 

moleculen en de ruimtelijk invloed hiervan op het grafeen in kaart brengen. 
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