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This project investigates the interaction of water with graphene and graphane. It also
examines how the functionalization with polystyrene will affect the surfaces and their
interaction with water. This study is completely theoretical and is performed with the
simulating and modeling software called Materials Studio from Accelrys, Inc.
Calculations are done with CASTEP, Dmol3 and Forcite. It is important to gain a
deep understanding about the interactions between graphene (or graphane) surfaces
and the water that is attached to it, since these materials are of a large interest for
biosensor applications.
The conclusion is that graphane (compared to graphene) is more susceptible to
functionalization with styrene. This is most probably due to the sp3 hybridization of
the C atoms, so one has to hydrogenate the graphene surface to make it more
functionalizable. The graphane surface are also more hydrophilic than graphene.
However, by functionalization with styrene it is possible to make both surfaces more
hydrophilic and thus more suitable for biological system. Further investigations need
to be done in order to validate these results.
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Sammanfattning
Grafen består av ett kolatomlager av grafit och adderar man väte till grafens yta får
man grafan. De här två materialen är av intresse för utvecklingen av nya
biosensorer, där de kan användas som sensor-känsligt material. Det är därför viktigt
att veta hur de uppför sig i vattenbaserade lösningar. Genom att funktionalisera
ytan hos de båda materialen med polystyren, som är en polymer, kan man ändra
dess egenskaper och på så vis dess uppträdande i biologiska system.
I detta projekt undersöks interaktionerna mellan grafen/grafan och vatten.
Dessutom har möjligheten att funktionalisera ytan med styrén, studerats. Av stort
intresse är också interaktioner mellan de funktionaliserade ytorna och vatten.
Studien är teoretisk och är utförd med mjukvaran Material Studio (Accelrys, Inc),
där modeller av de olika materialen har tagits fram och simuleringar utförts.
Slutsatserna är att grafan är mer mottaglig för funktionalisering av styrén än vad
grafen är. Genom att väte-terminera grafenytan kan man alltså göra ytan mer
funktionaliserbar. Grafanytan är dessutom mer hydrofil än grafen. Genom att
funktionalisera ytorna med styrén är det möjligt att göra dem än mer hydrofila, och
således mer lämpliga för applikationer i biologiska system. Fortsatta studier är
nödvändig för att validera dessa resultat.
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1 Introduction
1.1 Aim of thesis
The aim of this thesis is to examine how the surface of graphene and graphane
reacts in contact with water. The surfaces are going to be functionalized with
styrene and the interaction of the functionalized surfaces with water shall be
studied. This is important since the functionalization of graphene and graphane
surfaces are of major interest in the development of biological applications such as
FET-transistors where graphene are used as a sensor sensitive material. Graphene
has very recently been experimentally functionalized with styrene, using
hydrogenated defects on the graphene surface. The purpose with the present study
is to support these experimental findings, and to gain further knowledge about the
underlying causes, by performing theoretical simulations.

1.2 Background
1.2.1 Graphene and Graphane
Graphene consists of a single atomic sheet of sp2 carbon atoms and it has a wide
open double-sided surface that can undergo a broad class of organic reactions
analogous to unsaturated systems in organic molecules. (1)
Each carbon atom of the graphene is exposed to the environment and small
changes can affect the electrical properties of a graphene-based device. This is the
property that forms the basis of the graphene based biosensors. When the
biomolecules approaches the graphene surface, the electrical properties are
affected by one or more of the following mechanisms.





Surface charge-induced gating
Charge transfer or doping between graphene and biomolecules
A scattering potential across graphene
Schottky barrier modification between graphene and metal electrodes

Graphene is a 2D conductive material having approximately the same size as the
biomolecules which implies that single molecules can be detected. The fact that
graphene is composed of only carbon atoms, indicates a natural match to
biomolecules. High quality graphene can be produced from mechanical exfoliation
of graphite, the reduction of graphene oxide, using CVD, or by using chemical
synthesis. (2)
Exploring the interaction between water and graphene is important for the
understanding of phenomena such as lubrication, heterogeneous ice nucleation
and properties of graphene in biological systems. To establish reliable adsorption
energies for a water molecule is a challenge both experimentally and theoretically.
Experimentally it is very difficult since water forms clusters, and theoretically it is
complicated since weak Van der Waals forces and hydrogen bonds are involved. (3)
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Graphane is a hydrogenated form of graphene. During the hydrogenation,
graphene will transform from its sp2 bond configuration to graphanes sp3
configuration. Graphane represents an ideal system for theoretical investigations
of functionalized surfaces. Many potential applications require interaction with
aqueous media which can be tailored by surface functionalization. Computer
simulations are a credible and flexible tool to explore the surface properties of
carbon-based nanostructures with total control of the system in question. (4)
1.2.2 Biosensors
A biosensor is an analytical instrument that comprises a detector which deliver a
biological signal, and a unit that converts the biological signal into a measurable
signal. Compared with the traditional optical, biochemical and biophysical
methods, graphene-based biosensors provide significant advantages. Examples of
advantages are, high sensitivity, new sensoring methods, high spatial resolution for
local detection, easy integration with existing wafer-based semiconductor
processes, and labelfree real-time detection without destroying the sample.
Biosensors based on field effect transistors (FETs) are ideal because they can
directly transfer interactions between a biological molecule and the FET surface
into a measurable signal. In a standard FET, current flows through a semiconductor
called the channel. The channel is connected to two electrodes, called source and
drain. The channels conductivity could be switched on and off with the help of a
third electrode, called gate. The gate is capacitive coupled by a thin dielectric layer.
In a conventional semiconductor transistor, the channel is buried inside the
substrate while in a FET biosensor the channel has direct contact with the
environment which provides better control of the surface charges. This indicates
that the FET-based biosensors may be more sensitive since biological events
occurring at the channel surface may influence the surface potential and, thus,
affect the conductivity. The easy integration into existing chip, manufacturing cost
and surface sensitivity, makes the FET-based biosensors an attractive alternative to
other biosensor technologies. Until recently most of the graphene based FETs have
operated under vacuum, or atmospheric, environment. But it is very important to
make further developments so that it might be possible to operate also in aqueous
and organic solutions. Some examples that work in solutions are,





Solution-gated epitaxial graphene used as a pH sensor
Electrolyte gated graphene FETs for detecting pH and protein absorbers
Aptamer modified graphene FETs for labelfree immunosensing
Protein-functionalized and reduced graphene oxides for detecting metals
in real time

The channel conductivity for solution-gated FETs is adjusted by applying a gate
potential at the solid/solution interface using a reference electrode positioned on
top of the channel above the electrolyte (which acts as a dielectricum). The
conductivity of graphene is dependent on ionic strength, pH, and which ions that
are present. The sensitivity to the electrolyte composition depends on a
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combination of different mechanisms, including electrostatic gating, Schottky
barrier modulation and changes in the gate capacitance. (2)
1.2.3 Functionalization
In order to make the graphene surface more sensitive to certain types of analytes,
which is one of the objectives of graphene-based biosensors, it is important to
develop methods for functionalizing graphene with a variety of molecules and
biomolecules. One problem that can arise through functionalization, is that sp2hybridization changes to sp3, reducing the electronic properties (which is important
for biosensors). Therefore, there must be a balance between final chemical
functionality and charge mobility, when choosing amongst the various
functionalization techniques. Martin Steenackers et al. have shown that graphene
can be modified by covalent grafting of polymer brushes, and that this simple
grafting method results in homogeneous polymer brushes on the basal plane of
one, a few or several layers of graphene. It was shown that sp3 defects on graphene
will act as initiation points for polymer chain growth. This implies that the density
and layer thickness of the functionalization can be controlled by the degree of
surface hydrogenation. (5)
Graphenes unique and superior features make it the first choice for a variety of
applications. But despite its high potential, many challenges still remains. Examples
are poor solubility, intrinsic zero bandgap energy, low reactivity, and availability of
well-defined graphene in large quantities. This has hampered the development of
graphene-based products. Many of these problems can potentially be resolved by
using chemical functionalization of graphene. By using either physisorption of
surfactants (or polymers), or chemical derivatization with organic groups, the
material can be made soluble in a wider portion of organic solvents. Individual
graphene flakes can form agglomerates due to van der Waals forces, which are
induced by π-π interactions between the individual graphene planes.
Functionalization of graphene will stabilize the material by lowering the surface
energy. One example is to add a polymer to graphene (called polymeric
stabilization). In order to achieve graphene to be used in electronic and photonic
applications, it is necessary to open up a band gap in the material. Basal plane
functionalization will change the local carrier concentration and has been shown to
be an attractive way to open up the band gap. It is in principle possible to produce
graphene with a tunable band gap (from conducting to an insulator) by simply
manipulating the conjugate length of the delocalized carbon lattice using covalent
functionalization. Graphene has its π-electrons delocalized over the 2D network.
This makes graphene fairly chemically inert on the basalplane (but not on the edge
atoms). It is therefore not surprising that the covalent functionalization of graphene
involves mostly reactive substances that can form covalent adducts with the sp2
structure of graphene. (6)
Functionalization of graphene may also be accomplished by using a radical
mechanism. For example, using a diazonium salt, were the substrate acts as an
electron transmitter which donates an electron to the aryldiazonium ion to form an
3

aryl radical. After elimination of nitrogen, the aryl radical is close to the surface and
can react with the substrate rather than to diffuse into the solution. After covalent
functionalization with diazonium salt, a portion of the sp2 carbon is converted to
sp3 carbon which results in decreased conductivity. (6)
Another way to functionalize graphene is by using styrene. Ultrasound is thereby
used to radiate graphite powder in styrene with high intensity, causing exfoliating
of graphite and styrene polymerization onto the graphene sheets. The proposed
reaction is that radicals of styrene (which have been generated by the ultrasound)
reacts with graphene and form polystyrene functionalized graphene. This concept
leads to a highly stable functionalized graphene surface that can be mixed in
organic solvents without forming precipitates. (6)
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2 Theory
2.1 Materials studio
Materials Studio from Accelrys, Inc., is a modeling and simulation software that
enables researchers to develop new materials by predicting the relationship
between atomic (or molecular structure) with properties and behavior of a
material. To mention some advantages with theoretical calculations, it is both less
costly and more time-expensive as compared with experimental testing and
development. In addition, it will also render a deeper understanding of the
material. (7)

2.2 Density Functional Theory
Quantum mechanics provides a way to calculate how electrons and nucleus act in
different situations. The behavior of electrons controls most of the properties in a
material. Quantum mechanics describes and explains chemical bonds. By solving
the Schrödinger equation for the electrons in a material one may understand its
characteristics. However, it is only possible to solve the Schrödinger equation for a
one electron species (like the hydrogen atom).
For practical calculations, the interactions are represented by an effective potential
that act on seemingly independent electrons. The interactions are “hidden” in the
effective potential, and treat one electron at a time. The result is a set of oneelectron Schrödinger-like equations
ℏ2

𝐻Ψ𝑛 = (− 2𝑚 ∇2 + 𝑉𝑒𝑥𝑡 + 𝑉𝑒𝑓𝑓 ) Ψ𝑛 = 𝜖𝑖 Ψ𝑛

(1)

Where Ψn are the n one-electron wavefunction, Vext is the external potential of the
nuclei and Veff the effective potential. Veff is the average of the Coulomb potential
between an electron and all other electrons in the system, also known as the
Hartree potential. But something is missing when the electron interaction is
averaged. The real interactions depend explicitly on the position of other electrons,
and electrons are fermions that follow Pauli exclusion principle and Fermi statistics.
This give rise to the exchange interaction. The Hartree approach neglects the
electronic exchange and correlation. On the other hand, the Hartree-Focks
approach adds Fermi statistics, which makes the effective potential non-local, and
is derived from the requirement that the total wavefunction must be antisymmetric
in the exchange of any two electrons. This approach treats the exchange interaction
exactly, but ignores the correlation.
Density functional theory (DFT), has a different approach compared to the HartreeFock one. It is both a precise theory for the interacting electrons, and is a good
method for the calculation of single electron equations. DFT is based on two simple
principles:


The total energy in a system of electrons and nuclei is a unique functional
of the electron density
5



The variational minimum of the energy is exactly equivalent to the groundstate energy

The advantage with DFT is that it makes no attempt in solving the Schrödinger
equation using the many-body wavefunction. Instead, the energy is written as a
functional of the electron density.
𝐸 = 𝐸[𝜌(𝑟)] = ∫ 𝑑𝑟𝑉𝑒𝑥𝑡 (𝑟)𝜌(𝑟) + 𝐹[𝜌(𝑟)]

(2)

Both terms to the right in eq. 2 are functionals and work in the same way as a
function give a number from a variable. However, a functional gives a number from
a function. In this way, the electron-electron interaction is not approximated.
Instead, the total energy is given exactly for any electron density.
The most often used DFT method of today is based on the Kohn-Sham (KS)
equations. These are expressions of the Schrödinger equation for n non-interacting
electrons moving in an effective potential, as in equation (1). The variational
principle for DFT is then applied to the energy functional, with the density written
in terms for the wavefunctions of the non-interacting electrons.
∗
𝜌(𝑟) = ∑𝑁
𝑛=1 Ψ𝑛 (𝑟)Ψ𝑛 (𝑟)

(3)

Then F is written as:
𝐹[𝜌(𝑟)] = 𝐸𝐾 [𝜌(𝑟)] + 𝐸𝐻 [𝜌(𝑟)] + 𝐸𝑋𝐶 [𝜌(𝑟)]

(4)

The energy EH is the Hartree Coulomb term which does not involve the exchange
and correlation effects. EK is the kinetic energy of the electrons and is defined as
the kinetic energy of a system for non-interacting electrons that give rise to the
density ρ(r). EXC is the exchange correlation functional, and is defined to be
whatever is needed (approximate functionals, ex LDA and GGA), and therefore not
present in EK+EH, to make F[ρ(r)] exact. The effective potential in the KS equations
is the Kohn-Sham potential, defined as the functional derivative.
𝛿

𝑉𝐾𝑆 (𝑟) = 𝛿𝜌(𝑟) (𝐸𝐻 [𝜌(𝑟)] + 𝐸𝑋𝐶 [𝜌(𝑟)]) = 𝑉𝐻 (𝑟) +

𝛿𝐸𝑋𝐶 [𝜌(𝑟)]
𝛿𝜌(𝑟)

(5)

Calculating EK indirect (as the sum of expectation values of the kinetic energy
operator), as in one-electron wavefunctions rather than density, give most of the
kinetic energy exactly, with the remaining energy in the exchange correlation
functional. The cost is a major loss of simplicity, but is well worth it since direct
calculations have not yielded any accurate prescription. It is important to
remember that e-e interactions are still present and hidden in Veff, and they have
important implications for the solution of the KS equations, or equations similar to
equation (1). Since the effective potential depends on the density and thus Ψn,
solutions for the latter must be self-consistent. This means that KS equations, and
equation (5), must be satisfied together by the same wavefunction, Ψn. In the
6

calculations, solutions are found for wavefunctions, Ψn, for a fixed Veff and then the
effective potential is updated and new solutions are found for Ψn for the updated
Veff. The procedure is repeated until self-consistency is achieved.
Approximations are needed to get a value of the exchange-correlation energy. The
most used approximation is the local-density approximation (LDA). By assuming
that for each element of density ρ(r)dr, the exchange-correlation energy is identical
to a uniform electron gas of density ρ=ρ(r);
𝐸𝑋𝐶 = ∫ 𝑑𝑟𝜌(𝑟)𝜖𝑋𝐶 (𝜌(𝑟))

(6)

Where εXC(ρ) is the exchange-correlation energy per electron in a uniform gas of
density ρ. LDA thereby ignores spatial variations in the density.
There are functionals that include the dependence of the gradient of the density.
These goes under the name generalized-gradient approximation (GGA). The GGA
improves the prediction of binding and dissociation energies, in particularly for
system containing hydrogen. (8)

2.3 CASTEP
CASTEP is a software (developed by Accelrys, Inc.) that uses DFT to calculate the
electronic properties of materials. It implements an effective use of DFT based on
a few properties.






A set of plane waves basis to represent the wavefunctions.
Pseudopotentials describe electron-ion interaction.
A supercell approach with periodic boundary conditions.
The use of fast fourier transform (FFT) to evaluate the Hamiltonian terms.
The use of LDA and GGA expressions for the exchange correlation
functional.

Plane waves and pseudopotentials are typically used for the calculations. In the
plane-wave pseudopotential (PWP) method the model system is designed as a 3D
periodic supercell which allows the Bloch theorem to be applied to the electron
wavefunctions:
Ψ𝑛,𝑘 (𝑟) = 𝑢𝑛,𝑘 (𝑟)𝑒𝑥𝑝(𝑖𝑘 ⋅ 𝑟)

(7)

Where u(r) has the periodicity of the supercell, and PWP use plane wave basis set
for the expansion so that each electron wave function, Ψn,k , can be written as
Ψ𝑛,𝑘 (𝑟) = ∑𝐺 𝑢𝑛,𝑘 (𝐺)𝑒𝑥𝑝(𝑖(𝑘 + 𝐺) ⋅ 𝑟)

(8)

Un,k are the expansion coefficients. The wave vectors G are such that the plane
waves are proportionate to the supercell. The exponential term is a plane wave of
wave vector k and must be in proportion to the entire system. For an infinite system
there are infinite number of k vectors and each vector has a solution to Ψn,k. This
reflects the fact that the number of electrons is endless. But the change in Ψn,k
7

becomes negligible for k-points that are close together. This means that
calculations can be done with a finite number of k-points.
One of the major steps in CASTEP is the calculation of the product of the
Hamiltonian and the wavefunction, HΨ. There is a need for an efficient way to
convert the various units (Ψ, potential search direction) from real space to
reciprocal and back. This is what fast fourier transform (FFT) do, it transform data
between the two spaces in an effective way. FFT uses an effective algorithm to
calculate a fourier transform. A fourier transform are used to transform a function
from the time-plane to the frequency-plane. (9) (10) (8)

2.4 DMOL3
DMOL3 (from Accelrys, Inc.) is another software that uses DFT to simulate chemical
processes, and to predict different properties of materials. DMOL3 is fast and
accurate due to atomic basis functions that are obtained from solving the DFT
equations for individual atoms.
DMOL3 implements both LDA and GGA functionals. The method makes use of
numerical atom orbital (AO) basis sets, as well as an all-electron basis set and
pseudopotentials. The numerical AO basis set are generated numerically, and each
function corresponds to an atomic orbital. The advantage of numerical basis sets is
that the molecule can be dissociated exactly to its constituent atoms. (11)
A way to calculate Fukui functions are implemented in the DMOL3 code.
2.4.1 Fukui functions
Fukui developed a way to calculate the reactivity of chemical species from their
intrinsic electronic properties. Fukuis orbital theory relates the reactivity of a
molecule with respect to electrophilic and nucleophilic attack to the charge density.
These so-called Fukui functions are a qualitative way of measuring and displaying
the reactivity of regions of a molecule.
Specifically, the Fukui functions measures the sensitivity of the charge density, ρ(r),
with respect to the loss or gain of electrons via the expressions:
1

𝑓 + (𝑟) = ∆𝑁 (𝜌𝑁+∆ (𝑟) − 𝜌𝑁 (𝑟))

(12)

1

𝑓 − (𝑟) = ∆𝑁 (𝜌𝑁 (𝑟) − 𝜌𝑁−∆ (𝑟))

(13)

The expression f+(r) measures changes in the density when the molecule gains
electrons and, hence, corresponds to reactivity with respect to nucleophilic attack.
Conversely, f-(r) corresponds to reactivity with respect to electrophilic attack. The
FF for radical attack, f0(r), is the average of these two.
Using the finite difference approximation shown above, the charge densities are
converged to self-consistency for the neutral molecule, the cation and the anion.
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More quantitative predictions can be obtained from the condensed FF for an atom
k:
𝑓𝑘− = 𝑞𝑘 − 𝑞𝑘𝑐𝑎𝑡𝑖𝑜𝑛

(14)

𝑓𝑘+ = 𝑞𝑘𝑎𝑛𝑖𝑜𝑛 −𝑞𝑘

(15)

In this case, the qk are atomic-centered charges that are computed in some
reasonable manner, such as from a Mulliken population analysis or from a
numerical integration procedure such as a Hirshfeld analysis. This procedure
effectively assigns the 3D FF to specific atoms, just like a charge analysis tries to
assign charge density to atoms. (12)

2.5 Forcite
Forcite is an advanced molecular mechanics tool from Accelrys that offers fast
energy calculations, and reliable geometry optimization, of molecules and
periodical system. For periodical systems, Forcite allows optimization of the cell
parameters together with molecular coordinates. In a geometry optimization of a
crystal structure, the symmetry defined by the spacegroup are kept and the crystal
structure are optimized either with respect to all structural degrees of freedom, or
by applying rigid body constraints where the relative distances between the atoms
are fixed. The calculations are based on force fields, and associated parameter
settings. (13)
2.5.1 COMPASS Forcefield
COMPASS, Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies, is a general high quality ab initio forcefield. It enables accurate
and simultaneous predictions of gas- and condensed phase properties for a broad
range of molecules (both organic and inorganic), and polymers. Most of the
parameters in COMPASS are derived from ab initio data but there are also empirical
data involved. For ab initio parameters, partial charges and valence parameters
were derived by fitting to ab initio potential energy surfaces. At this point, the van
der Waals parameters were fixed to a set of initial approximated parameters. To
include empirical values, a few critical valence parameters were adjusted based on
the gas phase experimental data. To fit the condensed-phase properties the van
der Waals parameters were optimized. For covalent molecular systems, this
refinement was achieved based on molecular dynamics simulations of liquids. For
inorganic systems, this was based on energy minimizations of crystals. The
parameters for covalent molecules have been validated with different calculations
methods, including molecular dynamics simulations of fluids, crystals and polymers.
(14)
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3 Computational Methods
3.1 Geometry optimization
3.1.1 Unit cell

Figure 1. Unit cells of graphene (left) and graphane (right), with the projection into the xy-plane.
The graphane surface is terminated with H atoms.

Geometry optimization calculations using DFT methods, as implemented within
CASTEP, have been performed on the various supercells. The unit cell of graphene
contains two carbon atoms, and for graphane it contains two carbon atoms
together with two binding hydrogen atoms as pictured in Figure 1. Exchange and
correlation terms were treated within the generalized gradient (GGA) functional
using PBE. The tolerances of energy, force and displacement convergence were
2.0e-5 eV/atom, 0.05 eV/Å and 0.002 Å, respectively. The various lattice
parameters are shown in Table 1. The calculated c-c-c and c-c-h angle in graphane
were 111.3° and 107.3°, respectively. These values are consistent with reference
15, where the corresponding values are presented; 111.51° vs. 107.35°. The sp3hybridized graphane structure is visualized in Figure 2.
Table 1. Lattice parameters for the unit cells of graphene and graphane.

Lattice parameters
a = b (Å)
c (Å)
γ (°)
α = β (°)
c-c (Å)
c-h (Å)

Graphene
2,46
40
120
90
1,42

Graphane
2,54
50
120
90
1,54
1,11

Figure 2. A 5x5 sheet of graphane.
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3.1.2 Energy calculations
Geometry optimizations were performed for supercells of size 3x3, 4x4 and 5x5,
respectively. This was performed for both graphene and graphane (001) surfaces.
For both of these surfaces, one styrene monomer was adsorbed with the aryl group
binding to the surface (as can be se Figure 3).

Figure 3. A model showing a styrene monomer binding with the aryl group onto the graphene
surface.

For the 3x3 supercell, calculations were for comparison made with the vinyl group
binding to the graphene surface (Figure 4).

Figure 4. A model showing a styrene monomer binding with the vinyl group onto the graphene
surface.

The adsorption energy is calculated by
𝐸𝑎𝑑𝑠 = 𝐸𝑆𝑢𝑟𝑓𝑎𝑐𝑒/𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 )

(16)

Were Esurface/adsorbate is the total energy of graphene (or graphane) with styrene
adsorbed to it. Esurface is the total energy of graphene (or graphane), and Eadsorbate is
the total energy of molecular styrene. In the calculations of the binding energies,
no geometry optimization was performed.
3.1.2.1 Fukui
The Fukui functions are important tools in the interpretation of surface reactivities.
Parr and Yang (16,17) improved the frontier orbital theory introduced by Fukui (18,19)
whereby it became possible to calculate the so-called Fukui functions:
𝛿𝜌(𝑟)
)
𝛿𝑁 𝑉

𝑓(𝑟) = (

(17)
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where N is the total number of electrons in the system, and 𝜌(r) is the electron
density at a certain position and at a fixed external potential, V. There are three
Fukui functions defined as f0, f+, and f-, which correspond to a surface reactivity
towards radical, electrophilic and nucleophilic attack, respectively. The program
Dmol3 from Accelrys, Inc. was in the present study used for these Fukui functional
calculations.(20,21)
3.1.3 Transition state calculations
The transition state calculations were performed using density functional theory
(DFT), as implemented in the DMOL3 software. The exchange and correlation terms
were treated within the generalized gradient (GGA) functional, using PBE. The core
electrons were treated in an all-electron implementation of the potential. A double
numerical basis set, with polarization function (DNP), was used. The calculations
were performed on 5x5 supercells for both graphene and graphane, with a styrene
monomer attached (as can be seen in Figures 5 and 6). The distance between the
surface and the styrene molecule in the initial structure were set to 5 Å. Before the
transition state calculations could start, two initial steps needed to be done; the
products and the reactants had to be created in two different supercells.

Figure 5. Initial and final structures for the transition state search for styrene adsorbed onto the
graphene surface.

Figure 6. Initial and final structures for the transition state search for styrene adsorbed onto the
graphane surface.
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3.2 Calculations including water adlayers
3.2.1 Forcite-based molecular dynamic calculations
Molecular dynamics simulations were performed using the Forcite module. An ice
cube was initially used as a starting structure for modeling the water adlayer. The
NVE ensemble (constant number of atoms, volume and temperature) was, in
addition to a temperature of 298 K, a time step of 1 fs, and a total simulation time
of 20 ps, used in these calculations. In addition, the Nose thermostat was used
together with the COMPASS forcefield.
Table 2. Lattice parameters of the supercells including graphene (or graphane) with a water
adlayer.

Supercell

Water

Graphene

Graphane

a (Å)
b (Å)
c (Å)

72,03
77,98
14,66

73,9
73,9
40

76,2
76,2
50

3.2.2 Forcite-based geometry optimization
Geometry optimization calculations were performed using the Forcite module on a
model that was functionalized with styrene monomers. In addition, a resulting
water structure from the Forcite molecular dynamic run were attached to each of
the surfaces (in a similar way as can be seen in Figure 7).

Figure 7. A graphene sheet functionalized with styrene monomers, and attached to a water adlayer.
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3 Results
The adsorption energy and bond energy for styrene chemisorbed to graphene vs.
graphane, were calculated for different supercell sizes, and with the aryl group
attached to the surface (see Table 3). The distance between the carbon atoms in
styrene and the surface are also included in Table 3. Table 4 shows the results from
calculations made on the 3x3 supercells of graphene and graphane, respectively,
with the vinyl group attached to the surfaces. Table 5 shows a comparison between
the 3x3 supercells of graphane with styrene attached with either the vinyl or aryl
group to the surface.
Table 3. Adsorption energy and binding energy (in eV) of the styrene monomer onto graphene vs.
graphane. The aryl group is for both situations binding to the surface. The distance between the
binding carbons of styrene and graphene/graphane are also presented.

Supercell
EBond (eV)
EAds (eV)
C-Cdistance (Å)

Graphene-Styrene
3x3
4x4
5x5
-1,8
-1,3
-1,8
-0,208
-0,006
-0,494
1,60
1,61
1,59

Graphane-Styrene
3x3
4x4
5x5
-3,9
-3,9
4,1
-2,7
-2,7
-2,9
1,60
1,59
1,58

Table 4. Adsorption energy and binding energy (in eV) of the styrene monomer onto graphene vs.
graphane. The vinyl group is for both situations binding to the surface. The distance between the
binding carbons of styrene and graphene/graphane are also presented.

EBond (eV)
EAds (eV)
C-Cdistance (Å)

Graphene-Styrene
-1,3
0,4
1,68

Graphane-Styrene
-3,8
-2,8
1,59

Table 5. Adsorption energy and binding energy (in eV) for a comparison of different geometries of
the adsorbed styrene monomer. The distance between the binding carbons of styrene and
graphane are also presented.

Graphane-Styrene 3x3 supercell
Ebond (eV)
Eads (eV)
C-Cdistance (Å)

aryl down
-3,9
-2,7
1,6
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vinyl down
-3,8
-2,8
1,59

3.1 Transition state calculations
From the transition state calculations, made on models described earlier, energy
barrier and reaction energy were obtained and the values can be seen in table 6.
For the graphane model in CASTEP no results could be presented since the run did
not converge. In figure 8 and 9 the reaction pathway versus energy are shown for
graphene-styrene and graphane-styrene respectively.

Table 6. Some results from the transition state calculation of graphene and graphane with styrene.

5x5 supercell
EReaction (eV) DMol3
EBarr (eV)DMol3
EBarr (eV) CASTEP
EReaction (eV) CASTEP

Graphene-Styrene
-0,54
0,135
0,125
-0,57

Graphane-Styrene
-4,75
-1,35
Not converged
Not converged

Energy (eV)
-60212,1

ETS
-60212,3

Ereactants

-60212,5
-60212,7
-60212,9

Eproduct
Reaction pathway (au)

Figure 8. Reaction pathway versus energy for graphene.

Energy (eV)
-60997,5

Ereactants

-60998,5

ETS

-60999,5
-61000,5
-61001,5
-61002,5

Eproduct
Reaction pathway (au)

Figure 9. Reaction pathway versus energy for graphane.
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3.2 Fukui functions
Figure 10 shows the geometry optimized surface of graphene with the radical Fukui
function, f0(r), depicted on it. And the same goes for Figure 11, but here the surface
of graphene are not totally relaxed. There is one carbon atom with sp3
hybridization.

Figure 10. Radical Fukui function for a geometry optimized surface of graphene; top view to the
left and side view to the right.

Figure 11. Radical Fukui function for a graphene surface with one carbon atom in sp3 mode; top
view to the left and side view to the right.

The radical Fukui function, f0(r), for the relaxed graphane surface, is similar to the
corresponding one for graphene (as can be seen in Figure 12). In Figure 13, one
hydrogen atom from the graphane surface has been removed and the radical Fukui
function is again projected on the surface.

Figure 12. A radical Fukui function on a relaxed surface of graphane; top view.

Figure 13 . Radical Fukui function on graphane surface with one hydrogen atom missing.
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3.3 Addition of water to the surfaces
3.3.1 Graphene and Graphane attached to water
Figure 14 shows the graphene surface with the previously described water adlayer
attached on top of it prior to geometry optimization. Figure 15 shows the same
model after a geometry optimization has been completed. The distance between
water and graphene in the final structure are approximately 3,4 Å.

Figure 14. Side view of the initial structure of graphene with water attached to it.

Figure 15. Side view of the final structure of graphene with water attached to it.

Figures 16 and 17 show the optimized graphane surfaces with water attached to it
(before and after geometry optimization). The distance between the water and
graphane in the final structure are approximately 2,5 Å.

Figure 16. Side view of the initial structure of graphane attached to a water adlayer.

Figure 17. Side view of the final structure of graphane attached to a water adlayer.
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3.3.2 Graphene and Graphane with a chemisorbed layer of Styrene and
water
Figure 18 shows a part of the graphene-styrene model with a water cluster in the
upper part of the styrene monomers. This is the structure before geometry
optimization, and Figure 19 shows the same model after geometry optimization.
The influence of the water adlayer is identical for the graphane-styrene model.

Figure 18. Side view of the initial structure of graphene, with a chemisorbed styrene layer and an
attached water adlayer.

Figure 19. Side view of the final structure of graphene, with a chemisorbed styrene layer and an
attached water adlayer.

After the geometry optimization of the graphene and graphane structures, and
after that all the water molecules were removed from the models, Figure 20 shows
graphene (to the left) and graphane to the right. Before geometry optimization, all
styrene monomers were aligned in the same. However, the optimized structures
show a more random pattern.

Figure 20. Graphene sheet to the left with a styrene monomer and water removed. To the right is
graphane with a styrene monomer and water removed.
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Figure 21 shows a model of the initial structure of graphane with polystyrene, or
three styrene molecules in a row, attached on it. The water was positioned in the
area surrounding the styrene molecule. The structure after geometry optimization
can be seen in Figure 22. A similar behavior of water was obtained for a model with
a graphene-polystyrene structure (Figure 23).

Figure 21. An initial structure of graphane with polystyrene and water attached to it.

Figure 22. An optimized structure of graphane with polystyrene and water attached to it.

Figure 23 is the same picture as in Figure 22, but here without the water adlayer.
This is a side view that shows that styrene will be particularly affected by a water
adlayer.

Figure 23. Optimized graphane with polystyrene and a water adlayer. The water adlayer has in
this figure been removed.
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4 Discussion and Conclusions
The results from the geometry optimization of different sizes of supercells (Table
3) indicate that a smaller supercell will give the same value as a larger one. This
could be time-saving, however, more calculations should be done with larger
supercells in order to be certain of the observed results. The adsorption energy of
attaching styrene to graphene is small, which signifies a weak interaction. When
the styrene was attached to the graphane surface, a larger adsorption energy value
was obtained. These results indicate that the sp3 hybridization of the graphane
surface is more susceptible to functionalization. The carbon-carbon distance are
similar in the both cases but the bond energy of graphane-styrene are twice the
one for graphene-styrene. This could be due to hydrogen interactions between
surface hydrogen and the ones on styrene.
To be certain that the aryl group of styrene is the one that most probably will bind
to the surface, a comparison was made for the 3x3 supercells (Table 4). The results
show that for graphene-styrene, it is more favorable with the aryl group down.
However, for the graphane-styrene system, no big difference was found (Table 5).
More calculations need to be done to be sure of the most favorable structure.
From the transition state calculations one can see that for the graphene-styrene
system, there is a distinct barrier of energy (Table 6), in addition to a clear transition
state (Figure 8). But for the graphane-styrene system, this is not that obvious. This
is most probably due to local minima between the reactants energy and the
transition energy (Figure 9).
The Fukui functions depicts that the surface reactivity of the graphene surface is
affected when one of the carbon atoms are in sp3 hybridization. It is easier for a
molecule to attack the sp3 carbon, which lead to a simplicity in functionalization.
The graphane surface has one hydrogen missing and are more susceptible to a
radical attack than the totally hydrogenated surface.
Results from the addition of water to the surface of graphene and graphane
indicates that the graphene surface are more hydrophobic than the graphane
surface. This statement is based on the fact that the distance between the surface
and the water is 3,4 Å and 2,5 Å, respectively. When styrene is added to the
surfaces, both models show a hydrophilic behavior.
The conclusion is that graphane are more susceptible to styrene functionalization
than graphene. This is most probably due to the sp3 hybridization, so by
hydrogenation of the graphene surface one can make it more functionalizable. The
graphane surface are also more hydrophilic than graphene. However, by
functionalization with styrene it is possible to make both surfaces more hydrophilic
and thus more suitable for biological system.
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