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Abstract 
 
The current study contained two phases. The first phase concerned the deposition of graphene 
flakes that, due to the fabrication procedure, were bound to surfactant molecules. The second 
phase concerned the self-assembly of molecules on a highly oriented pyrolytic graphite 
(HOPG), a bulk form of graphene. In both cases the interaction between the graphene and the 
alkyl chains associated with the molecules was of influence. 

The first phase of this research used graphene powder produced by a water and surfactant 
based sono-chemical exfoliation procedure at Cranfield University. Deposition via drop 
casting on SiO2 produced large flakes characterized by an optical microscope, scanning 
tunneling microscopy (STM), atomic force microscopy (AFM) and Raman spectroscopy. 
Transmission electron microscopy (TEM) and electron diffraction revealed that the large 
structures consisted of many small graphene flakes held together by surfactant. It was not 
possible to separate the graphene flakes, thus characterization of the individual graphene 
flakes by STM or AFM could not be performed.  

The second stage investigated the self assembly of molecules on HOPG at the solid /liquid 
interface using STM. The effect of alkyl chain length on the self assembly of porphyrin and 
phthalocyanine molecules was studied. Zinc-octaethyl-porphine, zinc-octabutoxy-
phthalocyanine and zinc-octakis(octyloxy)-phthalocyanine were studied, the unit cells were 
found to be: a=b=1.3±0.1nm and α=60±5, a=b=1.8±0.2nm and α=90±2°, a=b=2.4±0.2nm 
and α=90±3° respectively. From this, molecular models of the assemblies were proposed. It 
was concluded that longer alkyl chains increased the size of the unit cell. Furthermore a 
dependence on the strength of the intermolecular van der Waals interactions between the alkyl 
chains and the position of the alkyl chain on the benzene ring was suggested. Finally a mixed 
phase between the two phthalocyanine molecules was observed and the unit cell found: 
a=2.3±0.2nm, b=2.1±0.2nm and α=50±5°. However due to the fact that two molecules could 
not be distinguished the true unit cell was not determined and no molecular model could be 
suggested.  

 

An Investigation into Molecule-Graphene 
Interactions 

How molecule-graphene interactions influence the fabrication of graphene 
flakes and molecular self-assembly. 
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I: Introduction 
 
The field of nanoscale devices has accelerated greatly over the past few decades and the once 
only theorized devices are now becoming a reality. For instance nano-devices now have 
applications in a variety of new fields such as nano-drug delivery systems, molecular 
electronics, and the formation of spintronic devices [Shong2010]. This has been aided by the 
advances in thin material research, in which the number of atoms and molecules of a material 
in one direction is significantly reduced in comparison to the other two dimensions. Such 
research has lead to the discovery of multiple utile thin materials and most importantly the 
two dimensional (2D) carbon structure graphene [Novoselov2011]. The production methods 
of these thin materials can be categorized by two approaches; the top down or the bottom up 
approach. 

Top down approaches use a variety of methods in order to reduce the size of a bulk material. 
Research in this field has led to the invention of many processes such as photolithography 
techniques and ion beam etching. These procedures remove bulk material through chemical 
and mechanical processes such that the remaining device is of the nanoscale [Lindsay2010]. 
Bottom up approaches use a base component, individual atoms or molecules, to form the 
larger nano-structure. An example of a bottom up approach is self-assembly which involves 
the spontaneous ordering of molecules or atoms into an ordered structure. It is a field inspired 
by biological and organic systems where simple molecular structures form complex networks 
[Shong2010]. 

The growth of thin materials has been explored through both of these methods. In particular 
the production of 2D graphene crystals has gathered much interest. Graphene is a single 
atomic layer of graphite, below 10 layers graphene is considered a 2D crystal and above this 
limit it is considered a thin film of graphite [Geim2007]. Graphene has outstanding electrical 
properties which have led to much interest in the research and production of this particular 
form of carbon. The π bonds associated with the sp2 hybridized carbon molecules allow for 
extremely high electron mobility which makes graphene an interesting material for electronic 
devices [Castro2009]. Furthermore its applications increase due to its high flexibility, stability 
and mechanical properties. Applications of graphene range from spintronic devices 
[Wees2007] to touch screens [Blake2008]. The addition of chemical compounds to graphene 
fakes can extend and alter it’s properties even further.  

Since the production of a free-standing monolayer of graphene for the first time in 2004 by 
Novoselov and Geim this material has received much attention. They used micro-mechanical 
cleavage of bulk graphite, otherwise known as the scotch tape method, to produce graphene 
[Novoselov2004]. In the past decade many other top down methods have been explored in 
order to produce 2D graphene flakes. Sono-chemical exfoliation of graphene from bulk 
graphite is an example. It is a technique that promises cheap and reliable graphene production 
via the top down approach. Particular procedures involve the use of additional chemicals to 
aid sono-chemical exfoliation. These chemicals bind to either side of the 2D graphene sheets 
[Bonaccorso2012]. The post sono-chemical exfoliation deposition can therefore be altered due 
to the interaction between the graphene sheet and the additional chemicals. 
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Furthermore graphene can be used as a substrate to support bottom up approaches for 2D 
crystal formation. The self-assembly of molecules on a substrate is not only dependent on the 
interactions between the various deposited molecules but is also dependent on the interactions 
with the substrate [Bai2003]. Thus the self-assembly of molecules on graphene will exhibit 
molecule-graphene interactions that alter the over all assembly. Highly oriented pyrolytic 
graphite (HOPG) is a form of bulk graphene crystal. In fact various production methods 
exfoliate HOPG to produce graphene flakes. Although some of their properties differ due to 
the added dimension, HOPG can be used as a good replacement to graphene in order to study 
these interactions [Zhang2011].  

In the current research the first project explored solution casting as a deposition method for 
graphene produced through a semi-automated sono-chemical exfoliation procedure. The 
graphene powder was obtained from Cranfield University. The procedure used a water and 
Cetyltrimethylammonium bromide (CTAB) solution as the exfoliation medium. The aim of 
this project was to characterize the size of the graphene flakes produced via the sono-chemical 
exfoliation process and investigate the deposition variables to alter monolayer and bilayer 
yields. Solution casting was chosen as the deposition method, thus the graphene powder was 
placed in solution with ethanol and chloroform and cast onto Si substrates. Atomic force 
microscopy (AFM), scanning tunneling microscopy (STM) and transmission electron 
microscopy (TEM) were used to image the samples after deposition and Raman spectroscopy 
and electron diffraction were used to determine the presence of graphene and the surfactant. 

The second phase of this research concerns the self-assembly of molecules on HOPG. Three 
molecules were investigated 2,3,7,8,12,13,17,18- octaethyl-21H,23H-porphine-zinc (ZnOEP) 
in nonanoic acid, Zinc 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine (ZnPcBU8) 
and zinc 2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31H-phthalocyanine (ZnPcOC8) in n-
octylbenzyene. Solutions of each molecule were investigated separately by STM and 
additionally a mixed solution of ZnPcBU8 and ZnPcOC8 was studied. ZnPcBU8 and 
ZnPcOC8 have different alkyl derivatives attached to this base phthalocyanine core. These 
alkane derivatives are of different lengths and attached at different positions thus the assembly 
between the three molecules is expected to differ based on the effect of the alkyl chains to the 
molecule-molecule interactions and the molecule-substrate interactions. The investigation 
used STM measurements at the solid/liquid interface to image the molecules on the surface 
and in some cases sub-molecular resolution was achieved. Unit cells of the molecular lattices 
were calculated by averaging the unit cells determined from several STM images of the 
assemblies. Using molecular models and comparison to the STM images, the orientations of 
the molecules and likely responsible interaction mechanisms were determined. The aim of the 
research was to continue the ongoing systematic characterization of Pc molecules 
functionalized with alkane derivatives and with metal substitutions on HOPG to determine the 
effect of alkane interactions on the assembly.  
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II: Working Principles of Measurement Tools 
 
Throughout the experimental procedure of this work, several characterization methods were 
used: STM, AFM, Raman spectroscopy, TEM and electron diffraction. The basic principles 
behinds these tools are explained thusly. 

 
Scanning Tunneling Microscopy 

 

Since the invention of the STM in 1981 by Binnig and Rohrer [Binnig1982], this technique 
has been one of the most useful tools in material sciences. The STM can achieve atomic 
resolution thus the characterization of surfaces has greatly accelerated since its invention. The 
main advantage over other characterization techniques is the ability to resolve atomic features 
in real time without damage to the surface [Chen1993]. Furthermore the STM can be used to 
directly influence the surface; the re-assembly of surface atoms and molecules can be induced 
by altering the applied bias and current such that the tip can be used to manipulate adatoms 
and molecules so as to construct designed nanoscale structures [Stöhr2012]. Figure (II:1) 
displays the setup of a typical STM. It comprises of an atomically sharp tip which is 
connected to piezo elements. The current is amplified and fed to a control loop as depicted in 
the image. This controls the scan of the tip across the sample. 

 

 

 

Figure (II:1): Typical basic setup for an STM. The scanning component comprise to an atomically 
sharp tip attached to piezo elements which control the movements of the tip across the sample. The 
electronic components regulate this movement through a feedback loop and an amplifier. Based on 
Figure 8.18 [Shong2010]. The axis denote the directions of the principle vectors. 

Sample 

Piezo elements 

Control voltage 

Tunnel current 
amplifier 

Feedback unit 

Tip  
ẑ  

x̂  

ŷ 
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The STM works is based on the principle of electron tunneling between conductors through 
insulating materials. An atomically sharp tip is placed in close proximity to the 
(semi)conducting surface to be imaged. The tip interacts via a tunneling current with the 
surface when a bias is applied to either the tip and surface whilst the other electrode is 
grounded. This current is amplified and converted into a voltage. The voltage is transferred to 
a feedback unit which controls the voltage applied to the piezo element. The piezo element 
deforms under an applied voltage thus the motion of the tip across the surface and the height 
of the tip can be controlled by the piezo elements associated with the x̂ ,ŷ and ẑ directions as 
depicted in Figure (II:1). In turn this motion effects the tunneling current and the STM 
responds continuously via the feedback loop. 

Between the surface and the tip exists an insulating medium through which the electrons 
tunnel. The tunneling electrons produce a net non-zero current once a bias is present between 
the surface and tip. The tunneling current, I, is in the tens of picoamp range thus it is 
converted into a larger voltage by the amplifier. The majority of the tunneling current is 
attributed to the surface interaction with the atom at the apex of the tip and is described by: 

𝐼𝐼 =
4𝜋𝜋𝜋𝜋

ħ
� 𝜌𝜌𝑠𝑠(𝐸𝐸)𝜌𝜌𝑡𝑡(𝜋𝜋𝑒𝑒 − 𝐸𝐸)𝑇𝑇(𝐸𝐸, 𝜋𝜋𝑒𝑒, 𝑑𝑑)𝑑𝑑𝐸𝐸

𝑒𝑒𝑒𝑒

0
 

where e is the charge of the electron, ħ is Planck’s constant, U is the bias voltage applied 
between the sample and tip, ρs and ρt are the density of states of the sample and tip 
respectively and T is the transmission coefficient associated with the tunneling electrons 
between sample and tip of energy E [Stöhr2012]. Or alternatively by: 

𝐼𝐼 = 𝑒𝑒𝜌𝜌𝑠𝑠�0, 𝐸𝐸𝑓𝑓�𝜋𝜋−2�2𝑚𝑚ф
ħ2 𝑑𝑑 

where 𝜌𝜌𝑠𝑠�0, 𝐸𝐸𝑓𝑓� is the local density of states between 0 and the Fermi level (Ef) of the sample, 
U is the applied bias, m is the electrons mass, ф is the height of the tunneling barrier, ħ is 
Planck’s constant and d is the distance between tip and sample [Chen1993]. 

Electrons can only tunnel from tip to surface and vice versa if there is an unoccupied state 
available for the electron to tunnel into, i.e. for an electron to tunnel from the tip an 
unoccupied state in the surface must be present. Thus STM measurements in fact provide 
information on the density of states of the imaged surface. However, this frequently coincides 
with the topography of the sample as long as the material being imaged is the same.  

Two modes are used in order to maintain a signal. Constant current mode sets a constant 
tunneling current; as the tip scans across the surface piezo elements alter the ẑ positioning of 
the tip such that the tunneling current remains constant. In this mode the height of the tip is 
the measured variable and was used in the current study. The second mode is constant height, 
in which the measured value is the varying tunneling current, whilst the ẑ positioning of the 
tip remains constant [Chen1993].  

The best resolution of the STM was initially considered to be 6Å using the Tersoff-Hamann 
model where the outermost tip atom was described by a spherical s orbital at low bias. The 
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wave function of the sample was treated exactly. However, it became clear that this model 
could not explain the atomic resolution which the STM experimentally achieved. The highest 
experimentally achieved resolution of 2Å is explained by the dependence of resolution on the 
particular orbital of the furthest tip atom. Figure (II:2) displays this phenomena where the 
scan of two different atomic orbitals are compared. A tip with a spherical s orbital is presented 
on the left of the image and a tip with a protruding dz

2
 orbital is presented on the right. The 

lattice of a hypothetical substrate is depicted at the bottom of the image. The scan of the s 
orbital tip shows a low resolution image of the periodic atoms in the sample. The dz

2
 orbital, 

on the other hand, probes between the substrate atoms and achieves a higher resolution. 
Furthermore the energy of the dz

2 state of the tip material is typically close to the Fermi level 
and contributes the majority of the tunneling current [Chen1993]. 

 

 

 

Figure (IV:2): A tip with an s orbital (left) probes the hypothetical surface (bottom) which produces a 
low resolution scan. The tip with dz

2 orbital (left) obtains a high resolution image of the probed 
surface. Inspired by [Chen1993]. 

 

Atomic Force Microscopy 

The AFM was invented five years after the STM by Binnig [Binnig1986]. In this case the 
AFM tip was mounted onto a cantilever which deflects due to the forces between the AFM tip 
and probed sample. Binnig implemented the set up of the STM in his design in order to 
measure the deflections of the cantilever. The STM measured the tunneling current between 
the cantilever and STM tip in order to derive the height of the cantilever deflections. In this 
way the AFM, unlike STM, can image insulating surfaces as well as conducting as it is solely 
based on the forces between the AFM tip and sample. [Vickerman2009].  

A typical modern set up for the AFM is depicted in Figure (II:3). It shows a tip mounted on 
the cantilever and the sample placed on top of the piezo elements. A feed back loop is shown 
where the measured deflections of the cantilever are used as a signal to control the position of 
the sample. In this case a laser and photodetector measure the deflections rather than an 
additional STM set up, as was the case in Binnig’s design. 

Scan Scan 
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Figure (II:3): Schematic of AFM working principle; the AFM tip is mounted to a cantilever. The 
cantilever deflects due to the interacts between the tip and the sample surface. The laser beam reflects 
off of the cantilever and the signal is transferred across the feed back loop to adjust the piezo 
elements. 

The movements of the cantilever are measured in order to obtain topographical information 
about the sample being probed. Typical machines, including the machine used in the current 
study, use a laser to measure the deflections of the cantilever. The laser reflects off of the back 
of the cantilever and is measured by a photosensitive diode as in Figure (II:3) [Hyotyla2012]. 
The normal-deflection and the torsion are measured by the displacement of the laser signal on 
the photodetector. This information is relayed to the feedback system and signal amplifier 
which then controls the piezo elements. As with the STM, the x̂ and ŷ piezo elements control 
the scanning directions of the tip, whereas the ẑ piezo element controls the distance between 
tip and surface.  

In contact mode the information from the photodetector is used as a feed back signal in 
conjunction with the ẑ piezo element so that the force between tip and sample is kept constant. 
In this way topographical information is obtained, typically the tip is kept in contact with the 
sample which can be interpreted as that the distance between tip and sample is kept constant 
[Hyotyla2012]. This can cause physical damage to the sample since in this regime the forces 
are repulsive [Jalili2004]. 

Other modes are described as the dynamic modes, either amplitude modulation or frequency 
modulation. In these cases the ẑ positioning alters such that either of the oscillation 
parameters of the cantilever remains constant. In amplitude modulation mode otherwise 
known as tapping mode, the frequency of the oscillation is fixed by a driving frequency and 
variations in the oscillation amplitude result in a change in the equilibrium ẑ position of the 
tip. In this case the ẑ position changes in accordance with the changes in oscillation 
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Tip  
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Voltage 
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amplitude. By measuring the equilibrium ẑ position topographical information can be gained. 
Furthermore phase images can be produced by measuring the difference in the driving 
frequency and the actual cantilever oscillation frequency [Vickerman2009]. Like contact 
mode, tapping mode operates in the repulsive regime [Jalili2004]. Both tapping and contact 
mode were used in the current study. The frequency modulated mode also named non-contact 
mode, was not used in the current study but operates in the attractive [Jalili2004]. 

The AFM measurements are based on the forces present between the tip and the sample. The 
cantilever deflects under the attractive and repulsive forces at play and essentially acts a 
spring and is described by Hooke’s law: 

𝐹𝐹 = 𝑘𝑘∆𝑧𝑧 

where F is the perpendicular force to the cantilever, k is the spring constant of the cantilever 
and Δz is the change in position with respect to the equilibrium position in the direction in 
which the force is acting [Hyotyla2012]. Typical forces between tip and sample include the 
van der Waals force, capillary force, electrostatic and magnetic forces and short range wave 
function overlap forces. These forces produce a net force which can be described by Hooke’s 
law in order to provide information on the change in height of the tip and therefore provides 
the topography of the surface. 

Raman Spectroscopy 

Raman spectroscopy is based on the inelastic scattering of monochromatic incident light 
impinging on a sample. The Raman scattering phenomenon is a weak effect and thus high 
intensity light sources, such as lasers must be used in order to obtain a substantial signal. A 
typical setup used for Raman spectroscopy is depicted in Figure (II:4). Photons from the laser 
impinge the sample and produce a spread beam of scattered photons. These are then split into 
the various wavelengths of light present in the beam by a monochromator. The detector 
measures the photon intensity for each wavelength and a spectrum is given [Vickerman2009]. 

 

Figure (II:4): Schematic of Raman spectroscopy working principle; the monochromatic laser beam 
hits the sample. There inelastic scattering occurs which leads to the reflection of a spread beam of 
multiple wavelengths. The scattered beam is split into the separate wavelengths by the 
monochromator. The individual intensities for each wavelength are measured by the detector to give 
the Raman spectrum of the sample. Image based on [Vickerman2009]. 
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Raman scattering is based on the fact that a molecule has vibrational, rotational and electronic 
modes. The main process of Raman scattering is shown in Figure (II:5). The molecule in the 
ground vibrational level is excited by the impinging photons. The molecule is excited into a 
state which is frequently a superposition of multiple vibrational, rotational and electronic 
states otherwise known as a virtual state. Thus this is not a true absorption process but an 
inelastic scattering process. The molecule then ‘emits’ (scatters) a photon and is now in an 
excited vibrational state. This is shown in example 1 of Figure (II:5). On the other hand if the 
molecule begins in an excited vibrational state it will end up in the ground vibrational state 
after scattering. This is shown in example 2 of Figure (II:5). The energy of the scattered 
photon is thus shifted from the energy of the impinging photons. This shift is equal to the 
energy difference between two vibrational states [Vickerman2009].  

 

Figure (II:5): Schematic of Raman scattering. In example 1 the absorbed photon excites the molecule 
from the ground vibrational state (v0) to the virtual state. The molecule ‘emits’ a photon such that it is 
now in the first excited vibrational state (v1). Example 2 is the converse situation where the molecule 
is initially in v1 and after absorption and emission is in v0. The difference in energy between v1 and 
v0 is the shift. Image based on [Vickerman2009]. 

Through comparison with literature values the presence of different materials and the quality 
of the materials in a sample can be determined. Typical substances have characteristic Raman 
spectra. 

 
Transmission Electron Microscopy and Electron Diffraction 

TEM, unlike traditional optical microscopy is part of a set of microscopes that uses incident 
electrons rather than photons to image a sample. The use of electrons means that optical 
lenses must be replaced with magnets in order to direct the beam. Furthermore vacuum 
conditions are required to prevent the high energy electrons from scattering off of gas 
particles. Figure (II:6) shows a typical TEM set up. The figure shows an electron gun 
followed by an accelerator and then a series of condenser lenses. This focuses a beam of 
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electrons onto the sample, after which a collection of lenses focuses the electrons onto a 
fluorescent screen in order to produce a TEM image [Yasuhara2012]. 

 

Figure (II:6): Schematic of TEM working principle. The electron gun produces an electron beam 
(thin black line) which is accelerated by an anode down the principle ẑ axis (thick black line).This 
beam goes through a collection of lenses and apertures to focus the beam. The electron beam then 
impinges the sample and a series of scattering processes occur. The transmitted electrons pass 
through and go through another series of lenses and apertures to hit the fluorescent screen in order to 
produce the TEM image. Image based on [Shong2010]. 

The electron gun produces a beam of electrons. If enough energy is applied to the electron 
gun, the electrons in the filament will become excited and overcome the vacuum level of the 
filament material. Then the electrons are emitted from the source. The emission can be either 
thermionic or field effect based, however field effect based is preferred due to the narrower 
emission spectrum. The beam is then accelerated by an anode. The use of high acceleration 
voltages produces electrons with a de Broglie wavelength in the sub nanometer regime which 
enables sub nanometer resolution. This beam will disperse over long distances thus it must be 
shaped into a focused beam by magnetic lenses as depicted in Figure (II:7). It shows a 
magnetic field which produces a Lorentz force on the electron and causes the beam to rotate 
around the ẑ axis such that the beam radius decreases [Shong2010]. The Lorentz force is 
given by: 
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𝑭𝑭��⃗ = 𝑞𝑞𝒗𝒗��⃗ × 𝑩𝑩��⃗  

where 𝑭𝑭��⃗  is the Lorentz force perpendicular to 𝒗𝒗��⃗  the velocity of the particle, q is the charge of 
the particle and 𝑩𝑩��⃗  is the magnetic field.  

 

Figure (II:7): Schematic of magnetic lens working principle. In TEM The electron beam (red line) 
enters the magnetic field (thin black lines) produced by the magnetic lens. This causes the beam to 
rotate around the principle ẑ axis (arrow). This produces a focused beam. Image based on 
[Shong2010]. 

This beam of electrons then impinges on the sample. As TEM relies on the electrons which 
transmit through the sample, the sample must be thin in order to not absorb or back scatter too 
many of the electrons. The contrast of the TEM image is essentially due to the different 
densities of the materials to be imaged. Thick materials will scatter more electrons and thus 
will appear dark, whereas the transmission of electrons through less dense materials is not so 
affected [Yasuhara2012]. The particular composition of the material also alters the degree to 
which electrons are inelastically scattered. Thus thickness and material differences in the 
sample can be imaged. These transmitted electrons are then focused onto the fluorescent 
screen and projected as an image [Shong2010]. 

Among the transmitted electrons the impinging primary electrons can produce secondary 
electrons through momentum transfer, Auger electrons, x-ray photon emission and back 
scattered electrons which can all be detected by other apparatus [Shong2010].  

The interaction between the incident electron beam and the sample can also produce 
elastically scattered electrons. If the sample has a periodic lattice then the electrons will 
scatter according to Braggs law [Shong2010]. 

𝜆𝜆 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃) 

where λ is the de Broglie wavelength of the electron, d is the spacing of the lattice and θ is the 
angle of diffraction. As the angle of diffraction is small in most TEM applications the sin(θ) 
may be replaced with θ [Yasahura2012]. This diffraction pattern is collected and projected as 
an electron diffraction image. Thus the lattice parameters of the sample can be determined 
[Shong2010]. 
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III: Graphene deposition from solution 
 
Motivation For Research: 
 
The study of graphene has introduced a new realm of concepts to fundamental physics, such 
as 2D crystals and the ability to conduct experiments using Dirac fermions in ambient 
conditions due to the zero effective mass of its electrons [Geim2007]. Additionally it has had 
a large effect on the applied sciences. Graphene exhibits outstanding electrical properties 
which makes it a material of interest not only for electronic devices. It exhibits an electron 
mobility exceeding 2.5x105cm2V-1s-1, far greater than other materials and importantly the 
mobility alters little with temperature [Novoselov2012].  

Furthermore the optical properties are remarkable. Graphene absorbs a large portion of the 
light spectrum and hence even monolayer graphene can be seen by optical microscopes. The 
absorption coefficient of graphene in the infra-red region is of significance to physical 
fundamental constants, with the coefficient being equal to the fine structure coefficient 
multiplied by π [Novoselov2011]. The optical transmittance of graphene is also incredibly 
high, in combination with it’s high electron mobility and low resistance it is an exciting 
material for transparent coatings of electronic devices [Novoselov2012].  

Additionally, graphene exhibits significant mechanical properties due to its 2D nature. It is the 
strongest material known, is highly elastic and readily modified by other chemicals due to its 
carbon structure. Unfortunately graphene does not exhibit a band gap [Novoselov2004] so 
many semi-conductor type applications are not yet possible. However, doping graphene is 
being researched in order to obtain a system with graphene’s enhanced electrical properties 
and a band gap [Lee2015]. 

Many graphene synthesis processes remain too expensive, are unreliable for practical use or 
only produce small flakes. Chemical procedures such as the reduction of graphite oxide can 
impair the electronic properties, mechanical cleavage techniques are costly [Du2013] and the 
transfer mechanism for chemical vapor deposited graphene is still difficult [Novoselov2012]. 
Research into sono-chemical exfoliation of graphite has been conducted as a cheaper, possibly 
autonomous process and easy method of producing graphene. The result is an inexpensive 
graphene powder ready for deposition when required. Thus far graphene flakes in the order of 
1μm produced via this method have been reported [Bonaccorso 2012].  

The aim of this research is to characterize the average size and number of layers of graphene 
flakes produced by solution casting of graphene powder produced by a sono-chemical 
exfoliation process. 
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Theory: 
 
Graphene is a two dimensional (2D) crystal consisting of sp2 hybridized carbon atoms. This 
means that an electron is promoted from the generally more energetically favorable |2s› state 

to the |2pz› state. The electronic configuration of the carbon atom changes from 1s22s22p2 to 

the 1s22s12p3 promoted configuration. When bonding, the |2s›, |2px› and |2py› orbitals form a 
superposition to produce in plane covalent σ bonds with neighboring atoms. In this way, C 
atoms can form four bonds described by:  

𝜎𝜎1 =  𝑑𝑑 + √2𝑝𝑝𝑦𝑦,  𝜎𝜎2 =  𝑑𝑑 + �3
2� 𝑝𝑝𝑥𝑥 − �1

2� 𝑝𝑝𝑦𝑦,  𝜎𝜎3 =  𝑑𝑑 − �3
2� 𝑝𝑝𝑥𝑥 − �1

2� 𝑝𝑝𝑦𝑦, 𝜋𝜋1 = 𝑝𝑝𝑧𝑧 

where σi is the ith σ orbital (i=1,2,3) produced by the hybridization and π1 is the lone π 
orbital produced. s denotes the 2s orbital contribution to the hybridization and pj 

denotes the 2p orbitals in the jth direction (j=x,y,z).  

The remaining π bond extends perpendicular out of the plane. In this case the promotion 
reduces the net energy of the configuration. [Atkins2006] For graphene, the in plane covalent 
bonds form between carbon atoms and produce a hexagonal structure. This structure is 
depicted in Figure (III:1) where the red C atoms produce a honeycomb structure. The distance 
between neighboring carbon atoms in the honeycomb structure us 1.42Å [Castro2009]. 
Furthermore the image shows blue lobe structures which represent the in plane σ bonds 
associated with the hybridized C atom. 

 

 

Figure (III:1): Two dimensional hexagonal lattice structure of sp2 hybridized carbon, where the 
carbon atoms are depicted as red circles. The blue lobes indicate σ orbitals of the sp2 hybridized 
carbon, between which in plane covalent bonds are formed. 

Graphene was the first naturally formed 2D crystal to be observed and is the base component 
for all sp2 hybridized carbon materials. Graphite is essentially a three dimensional (3D) 
crystal formed by many 2D graphene layers that bond via van der Waals interactions. Zero 
dimensional (0D) fullerenes display a discrete density of states function. They consist of 
graphene sheets formed into spheres with the replacement of some carbon hexagons with 

σ orbitals 

2.45Å 

2.84Å
 

13 
 



C.Richards UNIVERSITY OF GRONINGEN JULY 2016 

carbon pentagons to aid the formation. Carbon nanotubes are rolled sheets of graphene and 
form one dimensional (1D) systems. They have displayed many scientific applications 
[Fuchs2008]. 

Graphene’s unique properties make it an ideal material for many electronic, optical and spin 
related devices. The source of graphene’s superior electrical properties is the one remaining 
electron in the 2pz state which provides a free π bond. These π bonds bond covalently to the π 
bonds of adjacent atoms to produce a half-filled valence band through which electrons 
transport [Castro2009]. Graphene is also incredibly stable under varying thermal conditions. 
The strong in plane σ bonds prevent the introduction of defects or dislocations within the 2D 
crystal [Geim2007]. 

 

Sono-chemical Exfoliation of Graphite Powder to Graphene.  
 
The production of graphene by a variety of methods has been researched over the past decade. 
Methods include mechanical cleavage techniques, chemical vapor deposition and molecular 
beam epitaxy among others [Bonaccorso2012]. Each method has both advantages and 
disadvantages with regards to the quality of the graphene produced, the costs of the procedure 
and the reliability [Du2013]. Sono-chemical exfoliation procedures have been researched as a 
cheap, reliable and mass producible method of graphene production [Bonaccorso2012]. 

Typical processes involve sonication of graphite powder in suspension. The weak van der 
Waals bonds between the graphene monolayers in graphite are broken by the sonication 
procedure to produce the separated graphene monolayers. This procedure requires a liquid 
with a similar surface free energy as graphene for the exfoliation medium to allow adequate 
dispersion. However many liquids with a low interfacial tension with graphene are toxic to the 
human body and have high boiling points. Thus applications are limited and the purification 
procedure becomes more difficult [Bonaccorso2012]. After sonication the graphene powder is 
typically removed from the excess graphite powder and solvent through centrifugation.  

Due to toxicity and cost reasons, water as an exfoliation medium has been researched. The 
graphite and graphene, however, are hydrophobic thus suspension in water is difficult. 
Surfactants are used as they mediate the dispersion between the hydrophobic and hydrophilic 
phases [Atkins2006]. Hence the addition of a surfactant lowers the surface tension of the 
water such that it is equal to the surface free energy of graphene, 41mJ∙ m-2. Furthermore, 
upon sonication the surfactant bonds to either side of the graphene monolayer which prevents 
reformation into bulk graphene [Du2013].  

In this research graphene powder obtained from a sono-chemical exfoliation procedure in 
water with the presence of surfactants was used to deposit graphene flakes onto a Si wafer via 
solution casting. The surfactant used was Cetyltrimethylammonium bromide (CTAB). A 
schematic of the model is presented in Figure (III:2a). It shows the hydrophobic tail of the 
CTAB molecule consisting of the alkyl chain CH3(CH2)15, the bound negatively ionized Br 
atom and the polar hydrophilic head involving a positively ionized N atom and three 
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associated methyl groups. Figure (III:2b) depicts how the CTAB interacts with the graphene 
sheets. The tail bonds to the hydrophobic graphene sheet and the hydrophilic head extends out 
of the plane. In this way the polar head interacts with the water in the sonication procedure 
and the graphene sheets are dispersed in the medium. CTAB bonds non-covalently to the 
graphene layers and hence the electrical and structural properties are not disturbed by the 
presence of the surfactant. 

 

Figure (III:2): (a) Molecular schematic of CTAB depicting the alkyl chain and the polar head. The 
associated ionized Br atom is also depicted. Schematic based on the diagram given by the 
manufacturers (Sigma)(b) Schematic of the interaction between the CTAB and graphene sheets. The 
graphene monolayer (blue) is bound to the hydrophobic tail of CTAB (black) and the hydrophilic head 
(red) hangs away from the graphene monolayer. 

 

Previous works 
 
The current research is based on a previous study with the same sono-chemically exfoliated 
graphene powder. This study used Langmuir-Schaeffer deposition in order to obtain 
individual graphene flakes on a substrate [Walch2016]. The relevant characterization 
techniques to the current study were AFM measurements and Raman spectroscopy. 

Walch et al. reported single layer flakes of graphene with bound surfactant either side to be 2-
2.5 nm in height, determined via AFM. The flakes showed some deviation in height across 
their profile, however, this was in the sub-nanometer range and is considered not to be 
indicative of additional layers. The average flake size was 264.5 nm. Raman spectroscopy 
was conducted and showed the typical peaks for graphene with edge and surface defects. This 
analysis was conducted only on the solution, no spectroscopy was performed on the 
individual flakes [Walch2016]. 

 

Experiment 
 
The graphene powder used was obtained from Nicholas Walch of Cranfield University. 
Walch built a system that enabled the serial production of functionalized graphene sheets 
through sono-chemical exfoliation. CTAB was used as a surfactant in order to prevent the 
graphene layers from reconstructing into bulk graphite after the sono-chemical exfoliation 
procedure and to aid dissolution of the graphite powder into water. The optimum ratio of the 
powder produced via this method was 50% surfactant and 50% graphene [Walch2016], the 
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exact purity of the powder used in this research is unknown thus the presence of unbound 
surfactant was expected. A more detailed explanation of this process is given in Appendix I.  

Ethanol and chloroform were acquired from Biosolve BV. The graphene powder was 
measured on a microscale; however the amount was too little to provide a reading. Therefore 
two solutions, one with chloroform and one with ethanol as the solvent, were made with an 
unknown quantity of graphene powder. CTAB, obtained from Sigma, was used to make a 
control solution of 15ml ethanol and 0.019mM of CTAB. A Branson 1510 ultrasonic bath was 
used to sonicate the solution. [100] orientated SiO2 wafers were used as a substrate. The 
wafers were n-doped and 381±0.25μm thick.  

The quality of the samples was checked with an optical microscope. A Pico IC Molecular 
Imaging STM was used and mechanically cut tips were made from PtIr wires from Good 
Fellows. The measurements were performed at ambient conditions. Atomic force microscopy 
(AFM) measurements were performed on a Scientec 1500 at ambient conditions. For tapping 
mode the AFM tips had a force constant = 40 N/m and resonant frequency 300 kHz. For 
contact mode the tips used had a force constant = 0.2 N/m and resonant frequency=13 kHz. 
Raman spectroscopy was performed with a 552nm laser and a 663nm laser. 

 

Method 

The deposition method chosen was solution casting. The graphene powder was mixed with 
two different solvents, ethanol and chloroform to produce two solutions. Due to the low mass 
of graphene powder provided and the limitations of the microscale used, the exact 
concentrations of the solutions were unknown. The chloroform solution was sonicated to aid 
dissolution such that no visible powder could be seen in the solution. The ethanol solution 
was made to a higher concentration of graphene and the powder could be visibly seen in 
suspension. After some time the graphene powder fell from suspension and settled at the 
bottom of the vile. 

Various ratios of graphene powder to solvent were used in experiments, despite the exact 
concentrations being unknown. Both solutions were diluted further with solvent throughout 
the experiments. Solution for drop casting was taken from various heights of the suspension, 
thus solutions of higher concentration were obtained from the graphene powder that had 
settled at the bottom of the suspension. 

 [100] oriented SiO2 wafers were used as the substrate due to SiO2’s relatively low surface 
roughness which makes it a suitable substrate for STM. Experiments were also performed on 
gold on mica substrates however this particular substrate was readily dismissed due to the 
amorphous structure and the low conductivity of the particular gold on mica samples.  

Three methods of drop casting were used. Firstly experiments using 50µl to 1000µl of either 
solution were conducted. The solution was simply pipetted onto cut SiO2 wafers and left to 
dry. Frequently this was too much solution considering the size of the substrate and the 
solution would overspill. Secondly solution was slowly pipetted onto the SiO2 wafers to form 

16 
 



C.Richards UNIVERSITY OF GRONINGEN JULY 2016 

a thin film which would then evaporate. Thirdly SiO2 wafer samples were cut into small 
pieces and submerged in either of the chloroform or ethanol and graphene solutions. They 
were left such that the solvents evaporated and the suspended material remained upon the 
substrate. Experiments were also performed in which the submersion time was elongated by 
inhibiting the evaporation of the solvent. Later the vile was opened such that the solvent 
evaporated fully.  

 

Results and Discussion 

In the following sections the surfactant that binds to the graphene flakes during the sonication 
procedure will be referred to as ‘bound’ and the additional free surfactant will be referred to 
as ‘unbound’. 

The samples produced via the first method were unsuccessful. In general the Si wafers 
showed little material and only a few drying marks. It was suspected that much of the powder 
was lost due to the overspill. Samples produced via method two seemed to vary from little or 
no material to much material and disorder, thus the samples were in general thought 
unsuitable for STM and AFM measurements.  

The third method produced samples with a variety of material formations, namely large flakes 
were observed via optical microscopy and AFM. Samples containing rectangular flakes were 
found and could be reproduced, though with some variation in size and flake density on the 
surface. The largest were found to have widths in the 10 µm range and lengths of the order of 
50µm, as in Figure (III:3a). The optical microscope image in Figure (III:3b) was taken at 5x 
magnification, however due to the unknown scaling of the zoom function on the camera used 
to take the image, the exact scale of the image is unknown. The optical microscope image 
shows many rectangular flakes on the sample of similar aspect ratio but different thickness, as 
indicated by the different colors of the flakes. The AFM image in Figure (III:3a) shows flakes 
that have very straight edges at this scale and deviations in surface height of 2nm as shown by 
the line profile in Figure (III:3c). Assuming the monolayer flake thickness to be 2-2.5nm 
[Walch2016] the sample shown in Figure (III:3a) is consistent with 4-layer flakes with some 
variation to 5 layers at the flake edge.  

Besides these rectangular flakes, many other constructions were found across the samples, 
including amorphous islands of materials, wire-like structures, large areas of flat material with 
many holes and structures made of many overlapping layers. This implies that the formation 
of the material on the surface is very sensitive to the conditions of the deposition. However, 
no quantitative dependence on the deposition parameters could be found. See Appendix I for 
AFM tapping mode images of other various samples. 
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`  

Figure (III:3): Si wafer submerged in the chloroform and graphene powder solution. Closed for some 
time and later opened to evaporate. (a)AFM tapping mode topography image of sample, two flakes 
are shown of different thickness(b)Optical microscope image of sample. The various colors of the 
flakes indicate that the flakes are of different thickness (c)Line profile of flake found at he bottom of 
the AFM image in (a).  
 
A different sample exhibited very large long rectangular structures of which some are 
displayed in the optical microscope image in Figure (III:4b). The flakes had widths of 20μm, 
lengths of above 80μm and heights that imply many layer structures. A sample of this quality 
was unreproducible; however the size of the flakes made the sample suitable for further 
inspection with other spectroscopic and microscopic methods. AFM tapping mode was used 
to characterize the flake which appeared as one homogenous layer as can be seen in Figure 
(III:4a), however AFM contact mode resolved the sub-flake features. Figure (III:4c) shows a 
set of smaller features that reside on the large flake surface. Furthermore the multi layer 
construction is seen at the flake edge. This suggests that these large flake structures may 
comprise of a set of smaller structures.  

(c) (b) 

(a) 
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Figure (III:4): Si wafer submerged in the ethanol and graphene powder solution. (a) AFM tapping 
mode image of the sample. The flake is shown as one mostly homogenous layer. (b) Optical 
microscope image of part of the sample. Several long rectangular flakes of different lengths but 
similar widths can be seen. The different colors of the flakes indicate areas of different thickness.(c) 
AFM contact mode image. The substrate can be seen in the bottom left hand corner of the image, the 
rest of the image is the flake. Smaller features on the flake surface can be seen. 

However upon STM imaging the morphology of the surface did not show the typical patterns 
expected for graphene or flake structures (for STM images see Appendix I). This was 
anticipated as the CTAB remains bound to the graphene surface. It had been reported that the 
CTAB lies flat on the graphene flake with the polar head extended outward from the surface 
[Walch2016]. Thus direct imaging of the graphene was impossible. Nevertheless, no flake 
like structure could be found via STM.  

Raman spectroscopy was used to determine the presence of the graphene in the flakes seen by 
AFM. The measurements were conducted on samples produced by method three in several 
places on the sample. The literature states that the presence of graphene with some defects is 
indicated by peaks in the Raman spectrum at 1350 cm-1 (D peak), 1580 cm-1 (G peak) and 

(a) (b) 

(c) 
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2650-2700 cm-1 (2D peak). The G peak is present for all sp2 hybridized carbon molecules as is 
the 2D peak. The 2D peak is indicative of the number of layers of carbon and the G peak is 
produced by the vibrations of the π bonds between the carbon molecules [Ferrari2006]. The D 
and the D’ peaks are typical of graphene flakes with edge defects, as is common for sono-
chemical exfoliated graphene. The D’ peak frequently appears as a shoulder to the G peak 
[Coleman2010]. 

The spectra of the sample displayed in Figure (III:4) are given in Figure (III:5a, 5b). The 
background spectrum was taken on the bare substrate were there was no visible material. 
Positions 1 and 2 were taken on a long rectangular flake at close by locations of different film 
thickness. The spectrum of Position 3 was taken in between the flakes in order to determine 
whether there was any additional material that was unseen by AFM.  

Figure (III:5): Raman spectra for the sample in Figure (III:4). The background spectrum is given by 
the black line, Position 1 by red, Position 2 by green and Position 3 by pink. The subtracted spectrum 
of Position 1 minus the background spectrum is also given (blue line). (a) Raman Spectrum from 0- 
2322.5 cm-1 measured with 532 nm laser source. (b) Raman Spectrum from 2213.2- 4025.9 cm-1 
measured with 532 nm laser source.  

 

(b) 

 

(a) 
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As can be seen Figure (III:5a) the background and Position 3 spectra show only peaks 
associated with the Si substrate at 500 cm-1 and 920-980 cm-1. This was expected as no 
material was visibly present at these positions. For Position 2, peaks in the range of 2800 cm-1 
and 3000 cm-1 are shown in Figure (III:5b) which are produced by CTAB. The Si peaks were 
also present for this position. However no peaks were found at 1350 cm-1 or 1620 cm-1 which 
implies that there is no graphene, graphite or sp2 hybridized carbon material in the flake at 
that location. Likewise the peaks of Si and CTAB were found for Position 1, however, small 
additional peaks were found at 1360.5 cm-1 and 1684.2 cm-1. Raman spectra of the sample 
were also taken with a 633 nm laser source. These spectra were similar to those in Figure 
(III:5a, 5b). 

These additional peaks could be anomalies as they consist out of only two data points each 
and hence appear as lines. Typical spectra found in the literature show a larger full width half 
maximum for peaks of relevance [Ferrari2006]. The background spectrum was subtracted 
from the spectrum of Position 1 however this did not resolve these peaks or any hidden peaks 
further.  

The peaks at 1360. 5cm-1 and 1684.2 cm-1 are shifted with respect to the typical peaks for 
graphene found in literature. However, the typical Si peak with a 532 nm laser is reported to 
be at 525 cm-1 [RRUFF2016]. This implies that the measured spectrum is generally shifted 
down by some 25 cm-1. Therefore it is assumed that the true values of these small peaks are at 
1385 cm-1 and 1710 cm-1. This suggests that the shift of these peaks is larger than the 
expected graphene peaks.  

The presence of graphene in the graphene powder was confirmed for completeness. Raman 
spectroscopy was performed on the graphene powder in ethanol solution. The solution was 
drop cast on a Au wafer and Raman spectroscopy performed before the solvent evaporated 
completely. Figure (III:6) shows the spectrum for the solution which exhibited the typical 
peaks for graphene. The solution exhibited peaks at 1310 cm-1 (D peak), 1578 cm-1 (G peak), 
1608 cm-1 (D’ peak) and 2630 cm-1 (2D peak) as displayed in Figure (III:6). It is known that 
the G peak shifts downwards from 1580 cm-1 and the 2D peak broadens for multilayers of 
graphene [Ferrari2006]. Thus it can be concluded that the sono-chemical exfoliation 
procedure had functioned as predicted and multi-layer graphene was present in the solution.  
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Figure (III:6): Raman spectrum of graphene powder and ethanol solution at two different locations. 
The graphene powder solution was deposited onto a Au wafer and Raman spectroscopy was 
performed with a 532 nm laser before the solvent dried.  

As Raman spectroscopy for the samples containing the flakes, Figure (III:3, 4), only indicated 
the presence of surfactant a control experiment was conducted to determine whether the 
surfactant alone could produce such flakes. Deposition of a CTAB and ethanol solution via 
methods two and three was performed on SiO2 wafers. The samples however showed no flake 
like structures under the optical microscope and appeared very different to the graphene 
powder and ethanol solution samples. Hence it can be concluded that the flakes seen on the 
graphene powder and solvent samples do not contain surfactant alone, yet the Raman 
spectrum does not show the peaks of the additional compound. Several samples were washed 
with demi water to remove the unbound surfactant in order to reveal any graphene flakes on 
the samples and aid the Raman spectroscopy. This, however, frequently lead to the removal of 
all material on the sample, as seen via the optical microscope.  

Due to the inconclusive results of the Raman spectroscopy, TEM and electron diffraction 
measurements were performed in order to determine the structure of the flakes. A highly 
concentrated ethanol and graphene solution was deposited onto a TEM grid and analyzed. 
Amorphous and more regular structures were found and high resolution images were taken.  

The mechanism behind the formation of the large structures can be seen in Figure (III:7a). 
This image resolved an area consisting of many smaller flakes. The size of these flakes is 
estimated to be in the order of 200 nm in accordance with size of the graphene flakes found 
previous work [Walch2016]. The 200 nm sized flakes are enclosed by large areas of 
crystalline surfactant which causes the flakes to aggregate into one composite structure. At 
this position a monolayer was found and the diffraction pattern is displayed in Figure (III:7b). 
It shows a hexagonal lattice (indicated with pink circles) with a lattice constant determined to 
be approximately 2Å, consistent with the lattice of graphene [Castro2007]. Furthermore the 
electron diffraction pattern of an area with large amounts of crystalline surfactant is given in 
Figure (III:7c).  
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Figure (III:7): (a) TEM image at another of flakes enclosed by crystalline surfactant as indicated on 
the image, scale=100nm . (b) Electron diffraction image of monolayer flake found in the same position 
as the TEM image in (a). The pink circles indicate the first order points of the hexagonal graphene 
lattice. (c) Electron diffraction image of crystalline CTAB found in the same position as the TEM 
image in (a). The green circles indicate the first order points of the orthorhombic CTAB lattice.  

Furthermore, a flake (Figure (III:8a)) that resembled the rectangular flakes found on previous 
samples was also found. The rectangular flake is in the 10μm size range. At this resolution, 
however, it can be seen that the flake is not as regular as those depicted by AFM previously. 
A zoomed in TEM image of the ‘rectangular’ flake is given in Figure (III:8b). Once again it 
can be seen that the structure comprises of many smaller 200nm sized flakes. 

The electron diffraction image is given in Figure (III:8c), it shows a bright inner ring, with the 
corresponding outer ring caused by the second order points. Furthermore a set of inner points 
can be seen. Figure (III:8d) is an adapted and zoomed version of the electron diffraction 

Crystalline 
surfactant 

Graphene 
flakes 

(a) (b) 

(c) 

100nm 
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pattern in order to resolve these inner points. The zero point of the image was found by the 
intersection of the white lines. Three sets of inner points consistent with a hexagonal lattice 
are found indicated by the blue, yellow and red circles. Additionally a set of brighter points on 
the inner ring was resolved indicated by the pink circles.  

   

   

Figure (III:8): (a) TEM image of large ‘rectangular’ flake structure found on TEM grid, scale=1μm . 
(b) TEM image of corner of ‘rectangular’ flake structure, scale=100nm. Smaller flakes can be seen 
within the main structure. (c) Electron diffraction pattern at the position shown in (b) The inner ring is 
indicated. (d)Adapted and zoomed version of (c) such that the inner points can are resolved. The inner 
ring is indicated and the points encircled by the same color correspond to the same hexagonal set. 

From the images in Figure (III:7b) it is stated that the inner ring in Figure (III:8c) is consistent 
with the interatomic spacing of graphene determined from diffraction pattern of the 
monolayer in Figure (III:7b). This ring indicates that the graphene flakes in the ‘rectangular’ 
structure are of many layers and rotational domains. These rotated flakes provide additional 
diffraction points to the standard lattice which alters the diffraction pattern from a hexagonal 
structure to a ring. The outer rings correspond to the higher order diffraction points.  

(a) 

(d) (c) 

(b) 

Inner ring 

Inner ring 

1μm 100nm 
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The inner points in the electron diffraction images are most likely produced by the larger 
lattice of the surfactant molecule. As the diffraction pattern is in reciprocal-space, the larger 
lattice appears with a smaller point to point distance in the image. In Figure (III:7c) a lattice 
believed to be that of the CTAB is found and indicated by the green circles. This is an 
orthorhombic lattice associated with the large areas of crystalline surfactant. The mechanism 
behind these crystalline areas is shown in Figure (III:9a). They are produced by the unbound 
CTAB molecules which bind to one another in a bilayer construction via the polar heads or 
hydrophobic tails [Atkins2006]. Figure (III:9a) shows only the situation where the polar head 
bind to each other. This structure will be ordered due to the van der Waals interactions 
between the alkyl chains associated with the CTAB. Thus such a formation would produce an 
ordered crystal consistent with the orthorhombic lattice.  

From Figure (III:8d) it can be seen that the CTAB also forms a hexagonal lattice indicated by 
the blue, yellow and red circles which are the first, second and third order points of the 
diffraction pattern respectively. This lattice is produced by the bound CTAB. When the 
CTAB binds to the hexagonal lattice associated with the graphene, the interactions between 
the molecules and graphene cause the bound CTAB to also form a hexagonal lattice. This 
hexagonally structured CTAB then interacts with the CTAB bound to other graphene flakes. 
This causes the flakes to stack on top of each other as in Figure (III:9b).  

 

Figure (III:9): (a) Crystalline CTAB bilayer where the CTAB interacts with itself via the polar heads 
(red) or by the hydrophobic tails (black). The later is not depicted here. The unit cell is influence 
strongly by the van der Waals interactions of the alkyl chains (black). (b) Stacking of graphene flakes 
through bound CTAB bilayer construction with rotated flakes. The unit cell of the CTAB is influenced 
by the hexagonal graphene lattice.  

Hence the graphene flakes are bound by layers of CTAB with a regular hexagonal lattice and 
by areas of crystalline CTAB with an orthorhombic lattice Thus the large composite structures 
contain many rotated graphene flakes and CTAB crystals.  

The interaction with the substrate must also be taken into account. SiO2 is a hydrophobic 
surface thus the interaction between the substrate and the hydrophilic head of the CTAB is 
very weak. It is most likely that the growth on the substrate does not begin until a partial layer 
of CTAB binds by the hydrophobic tail to the surface. Therefore only the unbound CTAB 
molecules are able to interact with the surface strongly. Only after which may the graphene 
and bound CTAB flakes in solution settle. This is depicted in Figure (III:10) where a buffer 
layer is produced by the unbound CTAB which interacts with the SiO2. The image shows 
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unbound CTAB still in solution which can interact with the surface or the other areas of 
crystalline surfactant and of stacked graphene flakes.  

 

Figure (III:10): Schematic of likely interaction between the substrate and material in solution. The 
unbound CTAB in solution is indicated. This bonds to the SiO2 surface by the hydrophobic tail (black) 
to form a buffer layer. Then the polar heads of more unbound CTAB can interact to form a bilayer 
construction and thus an area of crystalline surfactant is formed. Or bound CTAB and graphene flakes 
may interact with the buffer layer to produce a stack of rotated graphene flakes.  

This model suggests that the amount of material on the SiO2 surface after evaporation is 
dependent on the amount of unbound CTAB present in the solution and how much time this 
unbound CTAB has to produce a full buffer layer before evaporation is complete. If little 
unbound CTAB settles on the surface during the evaporation process one would expect a 
growth which leads to thicker flakes as the material in solution has only a small region in 
which it can settle.  

The unbound CTAB binds to the SiO2 surface via the hydrophilic tail of the CTAB molecule, 
however the presence of the rectangular flakes suggests some type of nucleation process and 
ordering to this deposition. With regards to the nucleation process the author suggests that the 
attractive van der Waals forces between the alkyl chains causes the nearby CTAB in solution 
to absorb close to one another on the surface. This causes the CTAB to produce a structured 
crystal formation rather than to absorb randomly across the SiO2 surface. This could be an 
explanation for the island type growth found on the samples.  

Furthermore the SiO2 surface has a [100] orientation which means the surface has a square 
lattice structure. It is therefore likely that the CTAB will bind in a similar lattice structure to 
that of the SiO2 surface, enabling these regular flakes. Nonetheless the lack of growth 
direction present in the samples suggests that this is not a strong interaction. For example the 
rectangular flakes in Figure (III:3b) and Figure (III:4b) are randomly oriented with respect to 
one another hence they do not seem to follow the underlying SiO2 lattice. 
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Thus it is possible that the regular flakes are produced by a combination of the orthorhombic 
lattice structure of the crystalline CTAB, the hexagonal lattice structure of the bound CTAB 
and the weak interaction with the SiO2 surface.  

 

Conclusion 

Solution casting of a graphene powder and solvent solution was performed on SiO2 substrates. 
Three deposition methods were used with varying degrees of success. The samples showed 
diverse material formations on the SiO2 surface. The most interesting of which were regular 
rectangular flakes that were found on multiple samples with some deviations in size and 
density. AFM was used to characterize these rectangular flakes. Tapping mode showed that 
the flakes were 10’s of μm in size and had a relatively flat surface. From the line profiles the 
rectangular flakes appeared consistent with multi-layer graphene [Walch2016]. Nevertheless, 
contact mode resolved additional smaller features residing on the flake surface that were 
unseen by tapping mode.  

Raman spectroscopy was performed in order to determine the presence and quality of 
graphene in the flakes. However, spectroscopy on these 10μm flakes displayed no graphene 
signal. Only the signal from the substrate and surfactant were found which suggests that these 
flakes were made of CTAB alone. As a control experiment CTAB was deposited via the same 
procedure as the graphene powder on SiO2 wafers. This produced no flake like structures. 
Furthermore Raman spectroscopy on the solution was conducted. However, this did indicate 
that there was indeed graphene in the graphene powder. 

TEM and electron diffraction were conducted on the graphene powder solution in order to 
determine the origin of these rectangular flakes. TEM showed areas of many 200nm sized 
flakes held together by crystalline surfactant. Electron diffraction was performed on a single 
layer 200nm flake and confirmed that the 200nm sized flakes were graphene. Electron 
diffraction was also performed on and area of the crystalline surfactant and showed an 
orthorhombic lattice.  

In addition a ‘rectangular’ structure in the range of 10μms was found and also seen to 
comprise of many smaller 200nm graphene flakes. The electron diffraction depicted a ring 
rather than the six individual diffraction points found for the monolayer thus it was concluded 
that multiple rotational domains were present. Furthermore a second lattice was found for the 
CTAB associated with the CTAB which is already bound to the graphene flakes during the 
sonication procedure. This lattice is hexagonal, like the graphene lattice.  

Thus it was concluded that the structures found on the sample were produced by many rotated 
graphene flakes aggregated together by the bound CTAB associated with the hexagonal lattice 
and crystalline unbound CTAB associated with the orthorhombic lattice. The interaction with 
the hydrophobic SiO2 surface and hydrophobic CTAB tail was suggested to initiate the 
growth procedure. It was theorized that no graphene could reside on the SiO2 surface until a 
buffer layer of CTAB was present.  
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Washing the samples aided in removing the excess surfactant, however also removed the 
majority of the material so the characterization of the individual graphene flakes by STM or 
AFM was not possible. However, from the TEM images it can be seen that the majority of the 
flakes are of the order of 200nm, in agreeance with the previous literature [Walch2016]. The 
author suggests the use of a hydrophilic substrate in further research in order to characterize 
the individual graphene flakes. This will allow the graphene to reside on the SiO2 surface 
without the need for the CTAB buffer layer. Furthermore a more diluted solution should be 
used in order to prevent such large amounts of material aggregation. With regards to the 
Raman spectroscopy results the author suggests that future Raman spectroscopy should be 
performed for a longer time in order to allow for more scattering events due to the graphene 
flakes to occur. In this way the graphene peaks should gain a higher intensity if they are 
indeed present. 
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IV: Self-assembly of Phthalocyanine Molecules 
 

 

Motivation for Research 
 

Porphyrinoids are a set of organic molecules comprising of porphins, porphyrins and 
phthalocyanines. These molecules exist in a variety of biological systems and are responsible 
for many vital interactions. For instance hemoglobin is the protein responsible for oxygen 
transport in the blood system. It contains a porphyrin molecule, as does chlorophyll which is 
responsible for the photosynthesis process in plants. The compatibility of porphyrinoids with 
biological systems make them an interesting set of molecules to study the effects of 
functionalization [Gottfried2015].  

Furthermore the applications of porphyrinoids have been demonstrated in various works. 
Phthalocyanines have been shown to act as organic semi-conductors and thus have a 
multitude of applications in organic electronics [Bai2002]. Both porphyrins and 
phthalocyanines are used in various applications such as liquid crystals, sensitizers, optical 
devices and much more [Berndt2012].  

The self-assembly of such molecules into films is of high interest due to these aforementioned 
applications. The assembly and functionalization can alter the properties of the film and thus 
different applications are made possible [Bai2003]. With further study the ability to ‘tailor’ 
and optimize the properties of organic devices by altering the assemblies of the molecules 
involved improves [Lei2007]. Furthermore many applications require a substrate in order to 
suspend the molecules [Berndt2012], thus the systematic study of porphyrinoid assemblies 
under various conditions on different substrates can open a realm of device possibilities.  

The electronic properties of such assemblies are beyond the scope of this paper, instead the 
characterization and comparison of the assembly structure of three porphyrinoids is presented. 

Theory 

The self-assembly of molecules on a surface is determined by multiple factors which together 
minimize the net energy of the assembly. Assemblies can greatly differ in structure due to the 
addition of functional groups, the substrate in use and the various non-covalent interactions 
involved; namely van der Waals, electrostatic, hydrogen bonding etc. [Lei2003]. The 
interplay between the intermolecular interactions and the molecule-substrate interactions 
governs the assembly. A brief explanation of the interactions frequently relevant to self-
assemblies is given thusly.  

Nano-sized structures, due to their small size, are influenced by a particular set of forces more 
strongly than their larger counterparts. For instance the effects of gravity may typically be 
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neglected for nano-objects. Van der Waals interactions are a set of forces that become 
relevant when an object is of the nano-scale [Cao2004]. It is a weak force based on the 
electrostatic interaction of uncharged particles due to various present dipole moments 
[Atkins2006]. It is the net attractive force between all molecules in the system separated by a 
distance r. Van der Waals interactions interact substantially over small distances, typically 
less than a nanometer for a system comprising of molecules. However, they are present and 
influential up to 100 nm [Cao2004].  

Hydrogen bonding is a phenomenon that reduces the net energy of a three atom system. It is 
an electrostatic interaction. A hydrogen atom is already covalently bound to another element 
(elementA) which is highly negatively electrostatically charged. In this system the hydrogen 
atom has a partially positive charge due to the covalent bond with elementA. Thus the 
hydrogen atom is attracted to any surrounding electronegative atoms (elementB). The 
covalently bound elementA and hydrogen system binds to elementB via the electrostatic 
interaction between the hydrogen atom and elementB. This forms a hydrogen bond were the H 
atom bridges between the other two participating atoms. Typical elements involved in 
hydrogen bonding are O, F and N [Atkins2006]. 

Furthermore the molecules can interact with the substrate through two categories of 
mechanisms; chemisorption and physisorption. Physisorption is due to the physical 
interactions between the molecules and substrate such as van der Waals bonding. These 
interactions are weak and have too little energy to break bonds or alter the molecule 
significantly [Atkins2006]. In the current study interactions which cause the porphyrinoids to 
physio adsorb onto the HOPG surface are likely. The molecules can also adsorb onto the 
surface due to stronger chemical interactions such as coordinative bonding among other 
covalent interactions [Atkins2006]. Coordinative bonds are present if the porphyrinoid 
adsorbed onto the substrate posses a central metal atom. The extent of this interaction depends 
on the electronic structure of the central metal atom and the substrate. However, transition 
metals such as Zn, used in the current study, display much weaker molecule-substrate 
chemical interactions [Gottfried2015]. Furthermore the substrate used in the current research, 
HOPG, is known to be inert.  

In the current study three molecules have been investigated; ZnOEP, ZnPcBU8 and 
ZnPcOC8. These are all porphyrinoids, a set of molecules with a pyrrole as the base 
component. A pyrrole is a ring of four C atoms and a N atom. Each of the proceeding atoms is 
bonded to a H atom as in Figure (IV:1a,b).  
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Figure (IV:1): (a) Usual symbol used in schematics for a pyrrole ring. (b) Pyrrole ring with each N 
and H atom and bond denoted. (c) Basic porphyrin molecule with the α sites, the β sites and the meso 
‘m’ sites indicated. (d) Phthalocyanine molecule with numbered sites. All images inspired by 
[Gottfreid2015].  

As shown in Figure (IV:1c) the porphyrin consists of four pyrrole rings linked by methyl 
groups that constitute the porphin ring. On the porphin ring there are three classes of sites, the 
α sites where the methyl groups link each pyrrole ring, the β sites and the meso sites were 
additional atoms and molecules may attach or replace the methyl groups. To form a 
porphyrin, substituent groups are attached to the remaining external sites. This results in a 
system with 18 electrons in the π orbitals [Gottfried2015].  

A schematic of a phthalocyanine molecule is shown in Figure (IV:1d). It has replacement N 
atoms at the meso sites of the porphin ring. Furthermore benzene rings bond to the pyrrole 
rings [Gottfried2015]. Additional groups may be added at the external sites of the benzene 

(a) (b) 

(c) (d) 
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rings to form a family of phthalocyanine molecules. These sites are numbered in order to 
differentiate the positions at which the substituents in the current study are.  

Metallization of porphyrins and phthalocyanines is common to alter their properties. In order 
to achieve metallization the substituted metal atom must be in the 2+ oxidation state. This 
substitution of a metal atom in the porphin ring core leads to the desorption of the H atoms 
bonded to the central N atoms. The molecules used in the current study have a central Zn 
atom. 

 

Figure (IV:2): (a) Molecular structure of ZnOEP. (b) Molecular structure of ZnPcBU8. (c) Molecular 
structure of ZnPcOC8.  

ZnOEP is a porphyrin with methyl substituents at the β sites on the porphin ring displayed in 
Figure (IV:2a).  

Figure (IV:2b) shows the phthalocyanine molecule ZnPcBU8. It has alkyl chains placed at 
position 2 of the basic phthalocyanine unit presented in Figure (IV:1d). The size of the 
phthalocyanine ring was measured to be approximately 1.2nm x1.2nm including the benzene 
rings in agreeance with [Wang2011] and the chains were measured to be 0.5nm in length 
when in a ‘zig-zag’ configuration. The alkyl chains consist of an OCH2 group attached to two 
CH2 groups and a CH3 group at the end.  

R1= CH2CH3 

R2= OCH2(CH2)2CH3 

R3= OCH2(CH2)6CH3 

(a) (b) 

(c) 
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ZnPcOC8 is also a phthalocyanine molecule which is depicted in Figure (IV:2c). The alkyl 
derivatives are bound at position1 of the benzene rings where position 1 refers to the sites 
depicted in Figure (IV:1d). The size of the phthalocyanine ring is the same as that for 
ZnPcBU8, but the chains are around 1nm in length. The alkyl chains are the same as that of 
ZnPcBU8 except for an additional four CH2 groups in the middle of the chain. 

The variables of interest in the current study are the effect of alkyl length and position of 
attachment to the self-assembly. 

Previous works 
 
Experiments have been conducted using Cu substituted porphyrinoids, yet in the present study 
the central metal atom is Zn. However, it has been shown in previous reports that the HOPG- 
metal interaction has little impact on the overall self-assembly [Bai2000]. Therefore the 
assemblies of molecules with no metal core or a different metal core to Zn are still useful 
comparison material. Therefore the assembly of any alkyl-substituted Pc should not be largely 
different to the Zn porphyrin and ZnPc+alkane respectively. Hence previous literature 
concerning other variants of the molecules should be reliable reference material.  

Table (IV:1) lists the experimental lattice constants found in literature for relevant molecules 
to this study. All assemblies were performed on HOPG at the solid/liquid interface, consistent 
with the current work. The solvent used is listed. 

Molecule Solvent a (nm) b (nm) α (°) Reference 
ZnOEP n-tetradecene  1.4±0.1 1.41±0.1 118±3 [Morgado2013] 
VOOEP 1-tetradecene  1.61±0.1 1.46±0.05 61±3 [Ogawa2007] 
CoOEP 1-tetradecene  1.48±0.08 1.42±0.07 62±4 [Ogawa2007] 
CoOEP Phenyloctane 

(octylbenzene)  
1.27±0.02 1.40±0.02 57±1 [Hipps2015] 

NiOEP Phenyloctane 
(octylbenzene) 

1.28±0.02 1.39±0.02 57±1 [Hipps2015] 

      
CuPcBU8 Octadecanoic acid 

and toluene 
2.05±0.05 3.67±0.05 89±5 [Lei2007] 

CuPcBU8 Toluene  1.72±0.05 - - [Bai2003] 
      
ZnPcOC8 Toluene  2.6±0.1 2.6±0.1 90±5 [Bai2000] 

CuPcOC8 Toluene  2.6±0.1 2.6±0.1 90±5 [Bai2000] 
CuPcOC8 Phenyloctane  

(octylbenzene) 
2.6 - - [Qiu2000] 

PcOC8 Toluene  2.7±0.1 2.9±0.1 - [Bai2004] 
PcOC8 Toluene  2.7±0.1 - - [Bai2002] 

Table (IV:1): Lists the lattice parameters experimentally found in literature for the octaethyl 
porphyrin, octabutoxy phthalocyanine and octakis(octyloxy) phthalocyanine molecules and the 
various metal substitutions. If the parameter is not listed in the paper then ‘–‘ was placed in the field.  

33 
 



C.Richards UNIVERSITY OF GRONINGEN JULY 2016 

In previous literature the characterization of a mixed ZnPcBU8 and ZnPcOC8 solution has not 
been conducted. 

Experiment and Method 
 
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine-zinc (97% purity) (ZnOEP), zinc 
1,4,8,11,15,18,22,25-octabutoxy-29H,31Hphthalocyanine (95% purity) (ZnPcBU8) and zinc 
2,3,9,10,16,17,23,24-octakis(octyloxy)-29H31H-phthalocyanine (95% purity) (ZnPcOC8) 
were obtained from Sigma-Aldrich Co. Nonanoic acid ( Sigma-Aldrich Co.) and n-
octylbenzene (Tokyo Chemical Industry Co.) were used as the liquid media.  

A solution of 2.01μM of ZnOEP and 20ml of nonanoic was made sonicated with a Branson 
1510 ultrasonic bath for five minutes to aid dissolution. For the characterization of ZnPcBU8, 
an unknown amount of molecules (less than 1.2mg), due to the loss of some material when 
transferring to solution, was placed in 1 ml of n-octylbenzene. The characterization of 
ZnPcOC8 was conducted in a solution of 2.99μM of molecules and 1ml of n-octylbenzene. 
The mixed solution comprised of 0.47 μM of ZnPcOC8, one quarter of the unknown amount 
of ZnPcBU8 and 500μl of n-octylbenzene. In the case of all four solutions full saturation was 
not achieved.  

Each solution was pipetted onto freshly cleaved HOPG and examined by a Pico IC Molecular 
Imaging STM to characterize the self assemblies. Mechanically cut tips were made from PtIr 
wires from Good Fellows and the measurements were performed at ambient conditions.  

Results and Discussion 

The likely interactions involved in the self-assemblies presented in the current studies, based 
on the elements comprising the molecules and previous literature, are Van der Waals 
interactions between the molecules and between the molecules and the substrate, π-π 
interactions and hydrogen bonding between molecules [Gottfreid2015]. 

Self-assemblies were found for all three molecules as can be seen by the large scale STM 
image in Figure (IV:3). The assembly of the ZnOEP in Figure (IV:3a) shows a nearly 
complete coverage of the HOPG substrate with some holes in the assembly, however in other 
locations areas containing no molecules were also found. Breaks in the assembly can be seen 
where the ZnOEP molecules align at a straight edge, after which the assembly continues in 
the next domain. Likewise the assembly for ZnPcBU8 is shown in Figure (IV:3b) in which 
different rotational domains are found. Once again a full coverage was not achieved as can 
bee seen by the vacant sites in the assembly and the gaps between the different domains. The 
assembly of ZnPcOC8 can be seen in Figure (IV:3c) in which large areas of the HOPG 
surface are left bare and holes in the assembly are present.  

Thus all solutions did not achieve full saturation hence the molecular coverage of the HOPG 
surface was not complete. Without a full coverage, some molecules remain mobile and 
consistent imaging with the STM becomes difficult.  
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Figure (IV:3): (a)100nmx100nm STM image of ZnOEP solution. Holes and domain straight domain 
edges are seen in the assembly.(b) 100nmx100nm STM image of ZnPcBU8 solution where irregular 
domains with holes can be seen.(c) 55nmx65nm STM image of ZnPcOC8 solution. The coverage does 
not extend to the top left corner. 

Figure (IV:4 a) shows a 15nmx 15nm STM image of the ZnOEP assembly which resolves the 
individual molecules. A clear close packed assembly with a hexagonal unit cell can be seen in 
the STM image in Figure (IV:4a). This particular assembly persists despite the vacant site in 
the assembly. A fast Fourier transformation (FFT) is presented in the inset. The FFT shows a 
hexagonal lattice for this assembly in agreeance with the STM image. The lattice parameters 
were determined by the average of several analyzed STM images. They were found to be 
a=b=1.3±0.1nm, α=60±5°. Sub-molecular resolution shows a bright lobe structure associated 
with the four pyrrole molecules and a dark central depression which is associated with the Zn 
atom, as can be seen in Figure (IV:4b). 

 

Figure (IV:4): (a)15nmx15nm STM image of ZnOEP solution with unit cell (blue) and molecule 
models, inset FFT of image.(b) 10nmx2.5nm STM image of ZnOEP solution.(c) Molecular model of 
ZnOEP assembly with unit cell. 

(a) (c) (b) 

(a) (b) 

(c) 
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A molecular model for the assembly is presented in Figure (IV:4c) which is in agreeance with 
the models proposed in other works [Morgado2013]. The ethyl substituents lie in the 
molecular plane however they do not interdigitate with one another. It is not possible that 
hydrogen bonds form between the molecules in this model as there is no mechanism for the H 
atoms of the methyl groups to interact with the N atoms in the porphin ring.  

In Figure(IV:5a) the assembly of ZnPcBU8 can be seen. It shows a square lattice structure 
and the lobe like composition of the molecule is visible, though not in detail. The FFT 
displays a bright set of points in a rhombic configuration, consistent with a square lattice 
structure in the STM image. The additional points may be discounted due to their lower 
intensity which suggests that they may be 2nd order points or as a result of the STM image 
quality. A molecular model is presented in Figure (IV:5b) which shows the arrangement of 
the molecules consistent with the lattice constants found; a=b=1.8±0.2nm, α=90±2°.  

 

Figure (IV:5): (a)12.5nmx15nm STM image of ZnPcBU8 solution with unit cell (purple) and molecule 
models, inset FFT of image. (b) Molecular model of ZnPcBU8 assembly with unit cell and 
interdigitating chains indicated (black ellipse). 

The alkyl chains could not be imaged during the investigation. The alkyl chains can be 
flexible if they are not arranged in a structurally stable configuration which may cause them to 
move under ambient conditions or due to interactions with the STM tip. Hence a definitive 
static model is not possible to determine.  

The proposed model in Figure (IV:5b) displays alkyl chains which lie in the molecular plane. 
The CH2 groups of the alkyl chains form a ‘zig-zag’. They can form such that all of the CH2 
groups lie flat on the substrate. This is known as the flat orientations which is energetically 
favorable as the substrate-molecule interaction is maximized. The alkyl chains can also rotate 
in which case the CH2 groups alternatingly sit on the substrate whilst the other groups are not 
in contact with the HOPG. This called the vertical orientation. However, this vertical 
orientation is energetically unfavorable as energy is required to lift the C and H atoms of the 
alkyl chains off of the surface [Bai2001]. Nevertheless in the molecular model both 

(a) (b) 
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configurations are present. For each individual benzene ring one alkyl chain of each 
configuration is present. This causes the alkyl chains to mildly interdigitate as depicted in 
Figure (IV:5b). In the figure, a set of four interdigitating chains is grouped by the black oval. 
Two chains belong to one ZnPcBU8 molecule and two to another molecule. Additionally the 
chains are associated with different benzene rings. This interdigitating behavior is caused by 
the weak van der Waals interactions between alkyl chains [Bai2001,Tobe2007] and is 
considered a driving mechanism for the exact assembly.  

Hydrogen bonding is an unlikely interaction for this assembly as the distance between the H 
atoms associated with the alkyl chains and the O and N atoms of a neighboring molecule is 
too large. It is also noted the molecular model shows no rotation for the individual ZnPcBU8 
molecules with respect to one another.  

 

Figure (IV:6): (a)20nmx30nm STM image of ZnPcOC8 solution with unit cell (yellow) and molecule 
models, inset FFT of image. (b) Molecular model of ZnPcOC8 assembly with unit cell. The black 
ellipse highlights a set of interdigitating chains. The green circle shows a position in which hydrogen 
bonding is potentially possible due to the small distance between a H and O atom.  

ZnPcOC8 assembled in a four fold symmetric structure as can be seen in the STM image in 
Figure (IV:6a). Once again the FFT shows a set of four intense symmetric points which 
confirms the square lattice structure seen in the STM image. The lattice is described by the 
parameters a=b=2.4±0.2nm, α=90±3°.  

 A proposed molecular model can be seen in Figure (IV:6b). As before the alkyl chains were 
never imaged, so the molecular model is based on preventing over lap of the alkyl chains. In 
this case it is much clearer that the alkyl chains interdigitate. One again a set of four chains 
from two molecules are involved in each interdigitating group, marked by the black oval in 
Figure (IV:6b). However, all the alkyl chains across the assembly interdigitate in these sets of 
four, rather than a select few which was the case for ZnPcBU8. This could be due to the 
longer chains associated with the ZnPcOC8 molecules. The increased number of CH2 groups 
causes a larger net van der Waals force. A similar line of reasoning to that of the ZnPcBU8 

 

 

(a) (b) 
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can be used in order to ascribe the dominant interactions of this assembly to the van der Waals 
interactions between the alkyl chains and between the molecules and substrate. 

In this case hydrogen bonding is also possible. The alkyl chains can rotate in plane so that the 
H atom associated with the alkyl chains are in close proximity to the O atoms of another 
molecule. An example of this rotation is depicted in Figure (IV:6b) and highlighted by the 
green circle. In this way a hydrogen bond could be formed but the chains would no longer 
interdigitate. The exact assembly would depend on which system is more energetically 
favorable, hydrogen bonding or the van der Waals interactions between the alkyl chains. 
However it is unlikely that hydrogen bonding would be favored. 

For mixed solution of ZnPcBU8 and ZnPcOC8 some bare areas were present around the 
boundaries of different rotational domains. The assembly showed an irregular hexagonal 
lattice structure displayed in Figure (IV:7a). This assembly was found to span over at least 
100nm2 of the HOPG surface. The FFT also depicts an irregular hexagon which, averaged 
over multiple FFT measurements, is described by the lattice parameters to be a=2nm, 
b=1.8nm. However, the average intermolecular distances from several STM images were 
determined to be a=2.3 ±0.2nm, b=2.1±0.2nm and α=50±5°. This cell is displayed in Figure 
( IV:7b) where a schematic derived from the STM data of the molecular assembly is given in 
black and the unit cell is depicted in green. Despite the fact that the two different molecules 
cannot be distinguished in the STM image, the alteration from a four-fold symmetric 
assembly to hexagonal suggests that this assembly is produced by the mixed phase, rather 
than separate molecular domains. If this is a mixed phase then the aforementioned STM unit 
cell may not describe the exact repeating unit as the molecule type must also be taken into 
consideration. As the two molecules cannot be distinguished the author has decided not to 
propose a molecular model for this particular assembly. 

 

Figure (IV:7): (a)50nmx50nm STM image of mixed solution with unit cell in green. Inset FFT of 
image. (b) Schematic showing the intermolecular distances between the molecules based on the STM 
data. The molecules are represented by black circles and the unit cell is represented by the green 
lines. 

(b) 
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In general the lattice constants found in the current research are close to those found in the 
literature (Table (IV:1)) once error is considered. However, there is still some discrepancy in 
the values. In the case of ZnOEP the solvent used in the current study was nonanoic acid. 
Nonanoic acid has octane chains, thus it has a similar molecular structure to phenyloctane 
otherwise known as octylbenzene which was used in previous studies [Hipps2015]. The 
lattice parameters found in the current research are in agreeance with those found for ZnOEP 
and octylbenzene solutions in literature yet differ for those found for ZnOEP and 1-
tetradecene solutions. This implies that there is an interaction between the solvent and the 
dispersed molecules. The molecular composition of the solvent has an effect on the assembly, 
however, the exact mechanism and quantification of this effect is beyond the scope of the 
current research. 

In the case of ZnPcBU8 there is not enough data for comparison. For ZnPcOC8 a discrepancy 
is also found. This could be due to either the different solvent or the concentration of the 
solutions. Due to the limited data in the literature this cannot be determined. However, the 
current research used relatively low concentrations which lead to assemblies which did not 
produce a full monolayer on the HOPG surface. It would be expected that this would lead to 
an assembly with larger lattice constants as the molecules do not necessarily have to pack 
densely to accommodate all the molecules in the layer. Thus the solvent interaction with the 
molecules is the likely cause for these more compact lattices.  

As expected the addition of alkyl chains increased the lattice constants and the longer the 
chain the larger the constants. In both cases the alkyl chains rotate in the molecular plane so 
as to interdigitate to some degree. The position of the ZnPcBU8 alkyl chains on the benzene 
ring in the assembly caused the alkyl chains affiliated with the same benzene ring to rotate 
towards each other, whereas the positions of the alkyl chains of the ZnPcOC8 caused the 
chains to tilt towards the chains of the neighboring molecules.  

Furthermore the manner in which the chains interdigitate is different as in Figure (IV:8). It 
depicts two molecules each for the ZnPcBU8 and ZnPcOC8 assemblies. The two molecules 
are representative of their respective assemblies and the alkyl chains associated with each 
molecule are distinguished by the labels. It shows that the chains of one ZnPcOC8 molecule 
interdigitate alternatingly with the chains of a neighboring ZnPcOC8 molecule. However, for 
the ZnPcBU8 assembly two alkyl chains of the same molecule interdigitate with each other 
and then with the alkyl chains of the neighbor. Therefore the attractive inter-molecular van 
der Waals interactions due to the alkyl chains for the ZnPcOC8 is theorized to be independent 
of which molecule the chain is bound to. For ZnPcBU8 only one chain from each benzene 
ring interdigitates with the chains of another molecule. However, the chains of the ZnPcBU8 
could interdigitate in the same manner as those of ZnPcOC8 if the molecules rotated with 
respect to another. However the unit cell and molecular model suggest that not such rotation 
occurs. Thus the extent of the van der Waals interaction is not only dependent on the number 
of atoms in the alkyl chain but also the position on the benzene ring. 
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Figure (IV:8): Assemblies of ZnPcBU8 (left) and ZnPcOC8 (right) only showing two molecules. The 
chains of either molecule are denoted by aj where j is the number of the molecule. The alkyl chains of 
one ZnPcBU8 molecule interdigitate and then interdigitate with the pair from the other molecule, 
whereas the alkyl chains of ZnPcOC9 interdigitate alternatingly.  

The assembly altered from hexagonal for the porphyrin to having four-fold symmetry for the 
phthalocyanines. This is attributed to the difference in shape of the porphin ring and the 
phthalocyanine ring (which possesses additional benzene groups) and the interaction of the 
alkyl chains into groups of four interdigitating chains.  

 

Conclusion 

In this study the assembly of three molecules on HOPG at the solid/liquid interface was 
characterized by STM. ZnOEP was placed in solution with nonanoic acid, ZnPcBU8 and 
ZnPcOC8 were placed in solution with n-oktylbenzene, however, no solutions achieved full 
saturation which lead to incomplete monolayers for all molecules on the HOPG surface. The 
STM images and FFT images showed a hexagonal lattice for ZnOEP described by the 
parameters; a=b=1.3±0.1nm, α=60±5°. For ZnPcBU8 and ZnPcOC8 four-fold symmetric 
assemblies were found and are described by the parameters a=b=1.8±0.2nm, α=90±2° and 
a=b=2.4±0.2nm, α=90±3°. respectively.  

Through comparison to literature values an interaction between the solvent and molecules was 
hypothesized to alter the unit cell of the assemblies. However a more detailed study of this 
interaction is not possible in the current research. The author proposes a solvent based study 
on the self assembly of porphyrinoids for future research. 

For ZnOEP the van der Waals interactions between molecules and between the alkyl chains 
and HOPG substrate was theorized to dominate the assembly. In the case of the 
phthalocyanines it was found that the longer the alkyl chain the larger the unit cell 
dimensions. The alkyl chains interdigitate with one another through weak van der Waals 
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interactions and this is the suspected mechanism behind the assembly. For ZnPcBU8 the alkyl 
chains interdigitate less than for the ZnPCOC8. This was attributed to the stronger van der 
Waals interaction between the longer chains as there are more atoms for the attractive forces 
to act between. Furthermore the position of the alkyl chain on the benzene ring is 
hypothesized to alter whether the alkyl chains interact more strongly intra or inter 
molecularly.  

Another possible mechanism for the assembly of ZnPcOC8 is hydrogen bonding between the 
H atoms on the alkyl chains associated with one molecule to the O atoms of a neighboring 
molecule. However such an assembly would prevent the interdigitating of the chains. Thus the 
more energetically favorable assembly; either driven by hydrogen bonding or van der Waals 
interactions between the alkyl chains is the likely assembly mechanism. Without direct 
confirmation by STM images of the alkyl chain’s assembly, calculations of the energies either 
assembly would be necessary to theorize which assembly is favored. This could be the basis 
of future work. 

The mixed solution of ZnPcBU8 and ZnPcOC8 showed a mixed phase assembly which 
formed an irregular hexagonal lattice which produced a unit cell described by the parameters 
a=2.3±0.2nm, b=2.1±0.2nm and α=50±5°. However, as the molecules are indistinguishable 
beside their respective alkyl chains, which could not be imaged, the unit cell may in fact be 
larger and no further analysis of this assembly was possible. 

In conclusion an effect of the alkyl chain length on the lattice parameters was found. 
Furthermore it is also possible that the position of the alkyl chain on the benzene ring also 
effects the assembly by altering the van der Waals force between chains, but this could also be 
attributed to the chain length.   
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VII: Appendix 
 
Production of the graphene powder 

CTAB was used in solution with water at a 49.7 mg mL-1 concentration and heated in a water 
bath. This solution was placed in a reservoir and gradually pumped into the reactor containing 
graphite powder obtained from Fisher Scientific (Loughborough UK). The graphite and 
surfactant solution were sonicated for 120 minutes whilst further surfactant solution was 
added to the reactor such that the graphene sheets separated and the CTAB bonded to the 
individual layers. After sonication the solution was spun in a centrifuge repeatedly to remove 
any remaining graphite. The graphene suspension was then dried in order to produce the 
graphene powder [Walch2016]. Graphene powder obtained from this method was used in the 
current research. 

 

AFM images of various material structures found on Si  
 
The following AFM images were chosen as they provide a good overview of the variety of 
material structures other than the rectangular flakes. The images are taken fro several samples 
prepared in different ways. 
 
 

  
Figure (VII:1): 
Left: 3μm x 3μm AFM topography image of sample were the SiO2 was submerged in the graphene 
powder and chloroform solution and left to evaporate. 
Right: 50μm x 50μm AFM topography image of sample were the SiO2 was submerged in the graphene 
powder and ethanol solution and left to evaporate. 
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Figure (VII:2): 
Left: 50μm x 37.5μm AFM topography image of sample were the SiO2 was submerged in the graphene 
powder and ethanol solution with additional ethanol added to dilute the solution. This was then left to 
evaporate. 
Right: 80μm x 50μm AFM topography image of sample were the SiO2 was submerged in the graphene 
powder and ethanol solution and left to evaporate. 
 
 
 

 
Figure (VII:3): 20μm x 11μm AFM topography image of sample were the SiO2 was submerged in the 
graphene powder and ethanol solution. This was then left to evaporate on a flat heating plate set to 
50°. 
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STM images of flakes 
 
The following three STM images were chosen as an addition to the appendix as they depict 
some of the more interesting material features found on the sample. None, however, show the 
rectangular flakes found by AFM. 
 

 
Figure (VII:4): 2μm x 820nm STM topography image of sample were the graphene powder and 
ethanol solution was pipetted onto the SiO2 so that a tin film of liquid was produced on the substrate. 
This was then left to evaporate. 
 
 

  
 

Figure (VII:5):  
Left: 500nm x 500nm STM topography image of sample were the graphene powder and ethanol 
solution was used. Otherwise the sample preparation is unknown. 
Right: 20nm x 20nm STM topography image of sample were the graphene powder and ethanol 
solution was used. Otherwise the sample preparation is unknown. 
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