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The terminating species included COOH and NH2 groups, which both are beneficial for the
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were shown to influence the diamond surface electronic properties (e.g., HOMO/LUMO levels).
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Introduction

1.1 Aim of thesis
The aim of the work presented in this thesis, has been to outline the
prerequisites for an optimal attachment of various biomolecules onto
nanocrystalline diamond surfaces, or onto diamond nanoparticles, in the
rational design of implant surfaces. For this specific application, in order to
induce osteogenesis of the implants, and to enhance the subsequent
vascularization, different growth factors are, due to their unique physiological
functionalities, of greatest importance. The selection of Federal Drug
Administration (FDA) approved growth factors include: Bone Morphogenetic
Protein 2 (BMP2), Angiopoietin 1(AGP), Fibronectin (FN), Vascular
Endothelial Growth Factor (VEGF), Chitosan (CT), Arginylglycylaspartic
acid (RGD), and Heparin (HP).
Diamond is a unique material with many interesting properties, out of
which biocompatibility and low toxicity are well-represented examples.
Therefore, diamond has recently been used to serve as a substrate for a variety
of diamond-bio functionalizations. This is especially the situation for
nanocrystalline diamond and diamond nanoparticles. Both of these
nano-dimensional diamond forms might involve quantum size effects, which
in turn can affect the overall properties of the diamond material surfaces.
Hence, the size-dependency on surface properties and reactivities has been
carefully investigated in Paper II.
Within the present thesis, the immobilization route for the various
biomolecules (BMP2, AGP, FN, VEGF, CT, RGD, and HP) has been
modeled by using predominantly Force Field methods. More specifically,
various approaches were used to increase the physisorption energies by
modifying the diamond surface planes. In Paper I, the combined effect of
diamond surface plane and type of surface terminating species, on the
biomolecule adsorption energy, was especially highlighted. These
calculations were performed for models in a non-solvent medium, and with
the main purpose to screen the possibilities for optimal surface termination
situations. On the basis of the results obtained in Paper I, four biomolecules
(BMP2, AGP, FN, VEGF) were chosen to be more carefully studied in a
solvent medium (Paper III). Except for the adsorption energy of these
various biomolecules, also the geometrical structures (before and after
adsorption to the diamond surface) were more closely investigated. The
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reason was to provide assessments of the maintenance of biomolecular
functionalities after physisorption onto the diamond surfaces. The structural
analysis includes atomic structure visualization, surface electrostatic maps,
and infrared spectra.
Concerning diamond surface termination species, carboxylic (COOH) and
amino (NH2) groups are expected to enhance the protein immobilization
affinity by interacting with corresponding amino acid residues on the protein
surfaces. The interaction between these specifically terminated diamond
surfaces, and the biomolecules in the present thesis, has accordingly been
studied (Paper IV).

1.2. Diamond properties and applications
Diamond, derived from an ancient Greek word meaning "unbreakable", is
historically recognized as a representative for money and power. Apart from
naturally occurring diamond, synthetic diamond has, since its first successful
synthesis in 1879, aroused a large interest from a material point of view.1 It
is a multifunctional material with a combination of several unique properties;
chemical inertness2, optical transparency3, wide electrochemical window,
extreme mechanical hardness, and high electronic carrier mobility4. The
mainstream diamond-related applications5 include a) cutting tools6; b)
acoustic micromechanical oscillators7; c) electronic applications8; d)
applications based on semiconducting materials9; e) water splitting10, etc.
In addition, the renowned chemical inertness in combination with good
biocompatibility11-13 make diamond a promising substrate material for
biomedical applications14. By substitutional doping with boron, B, the
diamond lattice will display photoluminences for blue wave lengths, which
opens up the possibilities for imaging applications.15 Nanodiamond (ND)
particles, with diameters of approximately 2-8 nm, can also serve as drug
delivery carriers after immobilization with drug molecules.16 In biosensing
applications, nanocrystalline diamond has been found to function as a
substrate material, functionalized with either physisorbed17, or covalent
attached12, proteins. Moreover, the biofunctionalities of the proteins are found
to be preserved, and the binding affinities are sufficient for the maintenance of
stabilized surface environments. Apart from the applications listed above,
diamond that is functionalized with proteins is widely utilized in surface
implants design.18

1.3. Synthetic diamond
Synthetic diamond is most often grown using two different types of synthesis
methods: High Pressure High Temperature (HPHT) method (developed in
12

195519), and the Chemical Vapor Deposition (CVD) method (developed in
19525). The HPHT method uses a local carbon-rich melt, in the presence of a
solvent metal (e.g. Fe, Co). The diamond produced by this method usually
contains small grains, but the method offers better control over the product
purity and dimensions. The precursors used in the CVD method, are most
often CH4 in a large excess of H2. This gas mixture will in turn be excited by
either a hot filament5, or a plasma5, thereby forming a low concentration of
C-containing species, in addition to abundant H radicals present. The role of
the H radicals is twofold; either to ensure the continuation of sp3-hybridized
surface C atoms, or to react with the C-containing species in the gas mixture
and form predominantly CH3 radicals. The CVD synthesis process takes place
within the relatively low temperature range of 1000-1600 K, which is to
compare with that of the HPHT method (1700-1900 K). Moreover, by using
the CVD method and the control of the gas phase content and substrate wafer
dimensions, impurities can be minimized, and a large-area can be deposited.
As a result of a better control of purity and quality, commercialized CVD
diamond products are quite common nowadays.
With the usage of these highly controllable diamond synthesis techniques,
the diamond properties can be systematically modified, which opens up
enormous applications possibilities. Diamond is an insulator with a band gap
of 5.45 eV, but it can be changed to either a p-type or n-type semiconductor
material by doping with B or N.9 The choice of different substrates may result
in different diamond crystal structures (single crystal or polycrystalline).
Single crystalline diamond is usually achieved by an epitaxial growth on
single diamond substrates, while polycrystalline diamond can only grow on
non-diamond substrates, e.g. Si, W.

Figure 1.1. Mainstream synthetic routes of nanodiamond.
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Apart from the two general routes for growing diamond material, diamond
particles of nano-sizes (so called nanodiamond particles; NDP) can be
achieved by detonation of other carbon sources in a low-oxygen atmosphere,
or by milling of diamond microcrystals. The synthesized NDP sizes can reach
a minimum of 3 nm (single-digit nm scale) in diameter, with a relatively
narrow size distribution.54-55 The four mainstream ND synthesis routes are
visualized in Figure 1.1.

1.4. Diamond surface modification
Surface termination of diamond surfaces is well-known to be a dominant
factor for controlling the chemical properties. The most abundant termination
type (i.e., H-termination) has been found to give rise to surface conductivity
and also generates a hydrophilic surface.4,20 In contrast, oxygen-related
surface termination will generate a hydrophilic surface which is insulating.21
As a result of CVD growth of diamond, the surface is generally H-terminated
and thereby hydrophobic. In the presence of oxygen, the H-terminated
diamond will oxidize, and form a hydrophilic surface, when heated up to 700 ℃
in the CVD process.22 Diamond surfaces can also be oxidized by using wet
chemical routes in acidic solutions.23 As a result, the oxidized diamond
surface is usually terminated with a mixture of carbonyl (C=O), carboxylic
acid (COOH), peroxide-type (O-O), cyclic ether (C-O-C), and carboxylic
anhydride (C=O-O-C=O) groups.23-24 The oxygen-containing adsorbates have
been observed to increase the surface wettability, in addition to the zeta
potential. Techniques for subsequent purification of a specific surface
termination species, are: i) wet chemistry routes in adequate acidic25 or basic26
solution; (ii) oxygen or ozone oxidation27; (iii) ions attack generated by
plasma28; (iv) surface reduction by organic synthesis design29; and (v) heating
in adequate gas sources30.
Due to structural resemblance with protein residues, and the capability of
reacting with the terminus of the amino bonds, surface termination with
COOH group is prospected to be optimal for biomolecules adsorption25.
Moreover, experimental findings have indicated that both termination types
will increase the diamond wettability tremendously26, which is beneficial for
biomolecules immobilization.
In various experimental approaches, the possibility to get a large surface
coverage by COOH groups has been investigated. Surface coverages up to
20-30% were achieved for nanodiamond particles27, and up to 10-20% for
diamond films31. However, a theoretical study of diamond surface
thermodynamic stability as a function of terminating species coverage is still
missing. In Paper IV, this subject is thoroughly studied by substituting an
initially H-terminated diamond surface with COOH groups, one unit at a time
until 100% coverage by COOH is reached. The corresponding adsorption
14

energies, as a function of surface coverage, are presented in Paper IV.
Moreover, the most thermodynamically stable diamond surfaces were
analysed by performing a Partial Density of State (pDOS) analysis. The
results display that the diamond (111) surface possesses a narrower
HOMO-LUMO gap, as compared to the H-terminated surface. However,
there are no significant differences in HOMO and LUMO levels between 50%
COOH terminated diamond (100)-2x1 surface and H-terminated diamond
(100)-2x1 surface.
Similar to the COOH adsorbate, the NH2 group is also beneficial for
biomolecules adsorption, due to the capability to react with protein residues to
form amide bonds. Experimental approaches for increasing NH2-termination
coverage, were investigated with methods like: a) diamond-treatment in
ammonia gas environment under UV-irradiation32,33; b) electrochemical
functionalization in basic solution34; and c) photochemical functionalization
with pre-adsorbed protection groups35. The largest experimentally successful
coverage with NH2 group is 10% for diamond surfaces31. From a theoretical
point of view, this surface coverage can be dramatically increased.
Theoretical DFTB approaches performed by Lai, L. et. al for nanodiamond
surfaces exposed to N, NH and NH2 species36, showed that diamond (100)
surfaces are thermodynamically preferred for primary and secondary amino
groups adsorption. However, the influence by the different diamond facets on
the NH2-termination is not yet fully understood. This topic is, though, covered
in Paper IV where the thermodynamic stability, as a function of NH2 surface
coverage, was especially studied.
Moreover, the nature of the surface planes has also been found to be
decisive for the diamond surface chemical properties. Experimentally, the
most abundant CVD surface planes are mainly the low-index surface planes.
Specifically, diamond (100) and (111) are the most common ones, with
diamond (110) to a lower extent.37 As a result of close proximity of the surface
C atoms, a 2x1 reconstruction of the (100) surface has been found to be the
most stable one. Owing to larger distances between the surface C atoms in
diamond (111) surface, reconstructions into Pandey chains structures (i.e.,
2x1 reconstructions) are only obtained for unsaturated diamond (111) surfaces
but not the terminated ones. The diamond (110) surface planes resemble
Pandey chains reconstructions, and are therefore stabilized without surface
reconstructions.
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1.5 Artificial bone implants outlook
Artificial bone implants are well-recognized and widely used in orthopaedic
surgery for treatment of deficient bone tissues induced by various reasons
(e.g., trauma, avascular necrosis, and diaphyseal). Several prerequisites have
to be met for a successful bone grafting: 1) implants should avoid acute
immunogenicity and complications; 2) utilized materials should not be
merely inert and biocompatible, but also osteoinductive; 3) surrogated
infections, and long-term microbial attachments, should be avoided or
postponed to increase lifetime of implanted grafts.38
However, there is no substitute in bone grafts that meets all requirements
with optimal performances. The lifetime of the implanted materials of today is
only around 9-12 years.39 Various materials are available with their pros and
cons.40 Hyproxyapatitite, derived from calcium carbonate of sea coral,
resembles human cancellous bone structures, which makes it a good candidate
for bone grafting. The main shortage is the mechanical stability of the material.
Calcium sulphate, as a traditional grafting material, is economical preferable
and possesses good mechanical properties. However, the problem with
chemical stability limits its usages. Degradable polymers are promising
materials that are of extensive research interests for its degradability in vivo.
However, the control of the 3D structures, with corresponding chemical
properties, requires a better understanding. Moreover, manufactured ceramics
is biocompatible and chemical inert, which makes it stable for these
applications. But the drawbacks of slow resorption deficiency, and difficulties
in handling material characteristics, restrict its performances.
To meet the requirements, and to be able to overcome the drawbacks
presented above, an increased vascularization in implants' surroundings is
regarded as the "Gold Standard" because of its utter importance. Sufficiently
induced vascular networks will incorporate the artificial implants with the
host tissue. The immune responses toward the external implants will thereby
be terminated. Moreover, microbial attachment, which is crucial for long-term
implant performances, can be suppressed or avoided. In order to conquer the
challenge of insufficient vascularization, the control of the surface chemistry
of the implant will be a promising route when dealing with protein adsorptions
and initial cell adsorption process.41 Diamond, with its privileged chemical
and electronic properties, is an ideal substrate for protein functionalization,
and therefore considered promising for these applications.
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1.6 Biomolecules functionalization
To satisfy the requirement described above, biomolecular functionalization of
the diamond surfaces is crucial for applications within implants design. A
schematic design of such an approach is sketched in Figure 1.2. The major
routes for such functionalization are covalent functionalization and
non-covalent functionalization.12 The main advantage of covalent binding is
the selectivity of biomolecules immobilization, which can be achieved by
designing specific synthetic routes.25 Comparably, non-covalent
functionalization is more convenient, and the binding strength can be very
effective due to combinations of hydrogen bonding and electrostatic
interactions between biomolecules and the diamond surfaces.42 In this thesis,
non-covalent functionalization is in focus.

Figure 1.2. Schematic picture of biomolecule functionalization onto different
terminated diamond surfaces in a solution.

Biomolecular candidates for such functionalization are chosen for their
unique physiological functionalities. Specifically, the candidates here are all
Federal Drug Administration (FDA) approved growth factors in relation to
bone cell adsorption and growth. Bone Morphogenetic Protein 2 (BMP2) can
promote bone cell growth and cartilage development by provoking hedgehog
signalling pathway and TGF beta signalling pathway43. Experimental
successes with BMP2 immobilized implant surfaces have been achieved by
several research groups. Their results points at enhanced osseoinduction and
integration of the implant surfaces with the tissues.44,45
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Fibronectin (FN) is well-recognized for playing a crucial role in wound
healing and protections of host tissues along with fibrin. Apart from this, it is
also proven to promote cell growth and integration by binding to α4β1
integrin46, and inhibit antimicrobial colonization. In 2011, Martino et. al
reported on fibronectin functionalized implants that promoted wound and
bone tissue healing in rat models.47
Angiopoietin 1(AGP), is directly related to angiogenesis and sprouting of
new vessels in vivo by the involvement in several cell signaling pathways,
Tie-1 and Tie-2.48,49 Experimental approaches, where they have combined
AGP with diamond surfaces, have been conducted by collaborating
experimental teams (results shown in Paper VI). As a result, AGPfunctionalized nanodiamond particles are found to enhance the bone
regeneration after implantation.
Vascular Endothelial Growth Factor (VEGF) is a signal protein involved in
vasculogenesis and angiogenesis, by binding to tyrosine kinase receptors (the
VEGFRs) on the cell surface. Diamond functionalized with VEGF has not
been experimentally presented yet for implants applications, but VEGF
immobilized with hydrogels has been proven to induce angiogenesis and cell
vessels proliferation.50
Apart from the four proteins described, three small peptides [Chitosan (CT),
Arginylglycylaspartic acid (RGD), and Heparin (HP)] have also been
included in the present work, due to their roles as growth factors in vivo.
RGD is implicated to be involved in cellular attachment by interaction with
integrins, resulting in its applications in tissue engineering to enhance cellular
attachment.51 Chitosan is involved in blood clotting and possess good
biocompatibility. It is therefore widely used in biomedical industry.52 Heparin
is an anticoagulant, and is therefore widely used as a drug for surgery.53
Although plenty of experimental successes have been performed for these
growth factor applications in implantation, the immobilization mechanisms
for these biomolecules, and adsorption behaviors, are still not fully
understood. In Paper I and Paper III, the adsorption behaviors of these
biomolecules onto different diamond surface planes and termination types
(for both non-solvent and solvent environment), have been calculated to meet
this requirement, and have also been found to provide a sound base for
experimental studies.

1.7 Nanodiamond quantum confinements
As compared with single and microcrystalline diamond films, the
nanodiamond particles display other structural, chemical and electronic
properties. One of the main causes for these differences is the quantum
confinement54. Another effect is the large surface to bulk ratio for a ND
particle. Within the semiconductor industry, these two types of nano-related
18

effects are used in the modification of electron transmission properties56. In
order to identify the upper size limit for this quantum size effect, calculations
were in the present work performed for both diamond particles (i.e., 3D
confinement) and for diamond slabs (i.e., 1D confinement). The results are
presented in Paper II for diamond slabs within the thickness range 0.2 nm to
4 nm, and for ND particles with diameters in the range from 0.4 nm to 3 nm.
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2. Theoretical methods

2.1 General
During the last decades, the development regarding computational
performances and methodologies has increased tremendously. This is
especially the situation for the Density Functional Theory (DFT) method,
which is an ab initio method that uses the electrons in the systems to describe
various materials properties. It is regarded to be one of the most accurate
calculation techniques available. QM/MM methods, e.g. VAMP, are utilized
in simulations of relatively large systems due to its balance with respect to
speed and accuracy. Force field methods, which treat the atoms as the smallest
units, are the third method utilized for large systems in the present thesis. The
choice of method was governed by the need to select the most accurate
method for each specific system (with its particular size).

2.2 Density Functional Theory, DFT
A quantum mechanics approach, which is the most accurate method in this
thesis, deals with time-independent many-particle systems by solving the
Schrödinger equation, as follows:
HΨ = EΨ

Eq. 2.1

where H stands for the Hamiltonian operator, E is the total energy and Ψ is the
many-particle wave function.57
The complete Hamiltonian includes the kinetic energies of the nucleus (TN)
and electrons (Te), the Coulomb potential for electron-nucleus interactions
(VeN), electron-electron repulsive interactions (Vee), and nucleus-nucleus
repulsive interactions (VNN). In order to solve the Schrödinger equation for
many-electron systems, the Born-Oppenheimer approximation58 has been
used (i.e., in which the nuclei are treated as fixed in relation to the electrons).
In addition, the electronic structures are described by using plane wave
functions. By this approximation, Schrödinger equation can be reduced to
descriptions of separated nuclei and electron systems.
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One important approximation is the Hartree-Fock approach, in which the
total wave function for N electrons is approximated by a description based on
independent one-electron wave functions.59 Moreover, post Hartree-Fock
calculations are needed to include also electron-electron correlations, and,
hence, to improve the description of the studied system.60 Instead of
describing electrons by wavefunctions in Hartree-Fock and post Hartree-Fock,
electrons are described by electron densities in the Density Functional Theory
(DFT). By doing this, DFT can be used for larger systems than Hartree-Fock,
and can be applied for extended liquids and solids without the need to use
empirical data.61 The Local Density Approximation (LDA, Eq. 2.2) is the
simplest approximation of the electron exchange and correlation correction
for the electronic system. This approximation works well for a homogenous
gas, and for simple metals62. However, it has a tendency to over-estimate bond
strengths in non-metallic materials. The Generalized Gradient Approximation
(GGA) is a higher level approximation which treats the gradient of the charge
density (Eq. 2.3), and thereby results in improved bond strengths and
geometries.63,64 In addition, intermolecular interactions (i.e., Van der Waals
energy and hydrogen bonding) can be especially treated by using dispersion
corrections.65,66
In order to further reduce the computational cost for the DFT calculations,
and thereby expand its utilization for large systems, an approximate DFT
program, called Tight Binding DFT (DFTB), was developed in 1995 by
Poreza et. al..67 The method focuses on tight binding parts in the models, and
defines the self-consistent density functional by using a reference density that
is calculated from known charge densities and effective potentials.68,69
=

( )

( )

Eq. 2.2

where
stands for the energy obtained from an LDA approximation, and
( ) stands for the exchange-correlation energy of each electron, as
calculated from a uniform electron gas density of .
=

( ,∇ )

Eq. 2.3

where
stands for the energy obtained from a GGA approximation, and
( , ∇ ) stands for the exchange-correlation energy of each electron, as
calculated from an electron gas density of with ingredient of ∇ .
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2.3. QM/MM methods
QM/MM methods, such as VAMP, reduce needs for computational power
even further by separating the studied system into two regions, one calculated
with quantum mechanics (QM) and the rest with molecular mechanics
(MM).70 It was developed in 1998 by Beck el. al.70, and has since proven its
capability with reliable results for carbon-related systems.71,72,73 The MM part
is parameterized in accordance to the characteristics of the system under
investigation.

2.4 Force Field methods
The Force Field (FF) method is based on classical mechanics, in which
simulations are based on the description of atoms, as shown in Eqs. 2.4-2.6.
Compared to DFT calculations, which are based on the electron behaviors, the
FF method cannot accurately describe covalent bond formation and breakage.
Instead, the total energy of the systems is mainly stems from vibrational
energies, originating from inter-atomic interactions of electrostatic, Van
der Waals and hydrogen bond character.74 The FF method is based on
embedded parameters, and these are either derived from experiments, or from
ab initio methods (such as DFT). The intrinsic differences between the FF
method, and the ab initio DFT, have been found to result in appreciable
reduction in computational cost, and thereby in the possibility to study larger
model systems. Several different FF methods are nowadays available, with
their pros and cons. In the present thesis, the force field method COMPASS75
has been chosen for its accurate predictions of organic molecules in complex
environments.
Etotal = Ebonded + Enonbonded

Eq. 2.4

Ebonded = Ebond + Eangle + Edihedral

Eq. 2.5

Enonbonded = Eelectrostatic + EVan der Waals

Eq. 2.6

where Etotal is the total energy of the system, Ebonded is the energy of covalent
bonds, Eangle is the energy related to bond angle, Edihedral is the energy related to
dihedral angle, Enonbonded is the non-covalent energy contribution from
long-range order interactions, Eelectrostatic is the electrostatic energy, and
EVan-der-Waals is the Van der Waals energy. All of the energy terms refer to their
respective vibrational energies.

22

2.5 Energy calculation formulas
Irrespective of the theoretical method used, the adsorption energies (either
physisorption or chemisorption energies) have in the present thesis been
calculated using Eq. 2.7. Different types of adsorbates were presented in the
thesis, such as surface-terminating H species (Paper II), or biomolecules
(Paper I and III). Moreover, it is worth mentioning that the values for
adsorption energies are most often negative, meaning that the adsorption
process is exothermic. For convenience, the physisorption energies presented
in Paper I and III were however expressed as absolute values.
∆Ead = (Esystem - Eadsorbates - Erest)

Eq. 2.7

in which ∆Ead is the adsorption energy, Esystem is the total energy for the
whole system, Eadsorbates is the energy of the adsorbate (i.e., surface H or
biomocules), and Erest is the energy of the diamond surface (being either a
radical or non-radical). The former value of the Erest is valid for the
chemisorption of adsorbates to surface radical C atoms. The non-radical Erest
is used in calculating the physisorption energy for a biomolecule onto a
completely terminated diamond surface.
In Paper IV, total adsorption energies (∆Eads) were calculated for the
surface-terminating COOH and NH2 species, respectively (see Eq. 2.8). The
corresponding averaged adsorption energies (∆Eads, avr) were also calculated
(see Eq. 2.9). Total adsorption energies indicate the thermodynamic stability
of the terminated surfaces, while averaged adsorption energies provide
information regarding stepwise reaction difficulties.
∆Eabs= EDia-nR – EDia-(16-n) H – n E▪R

Eq. 2.8

∆Eabs, avr= 1/n (EDia-nR – EDia-(16-n) H – n E▪R)

Eq. 2.9

(R = NH2, COOH)
where EDia-nR represents the total energy for the completely terminated
diamond surface (with surface terminations mixed by both H and R species),
and EDia-(16-n) represents the total energy for a surface that has a terminating
layer that includes 16-n H-, and n non-terminated C radical sites. ER is the total
energy for a molecular R species, where R stands for COOH or NH2.

2.6 Chemical properties indicators
Fukui Functions (Eqs. 2.10-2.13), developed by Fukui et. al in 1952, are
reliable indicators for surface reactivity analysis. By looking into frontier
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orbitals, and by either adding, or removing, electrons to the systems, the
susceptibility to an electronphilic (f-, Eq. 2.12), nucleophilic (f+, Eq. 2.11), or
radical (f0, Eq. 2.13) attack can be calculated for the surfaces.
( )

f( ) = (
f =
f =

∆

∆

f = (

)v(r)

Eq. 2.10

(

∆(

(

( )−
∆(

)−

)−

( ))
∆(

∆(

Eq. 2.11

))

Eq. 2.12

))

Eq. 2.13

In summary, these Fukui functions can be mapped onto an electron density
surface with the purpose to indicate surface reactivity towards different kinds
of chemical reactions (i.e. adsorption) involving the environment.
Partial Density of States (pDOS), upper valence band edges, lower
conduction band levels, and bandgaps have in the present thesis been
calculated using either the DFT, or DFTB, method. The main purpose with
these calculations was to investigate the effect of various factors (e.g. type of
surface termination) on the electronic structures of the systems. In addition, in
studying the binding of various proteins to the diamond surfaces, and
especially the effect of the adsorption onto the protein functionality, infrared
spectrum and electrostatic maps were especially useful.
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3. Models

3.1 Interfacial models composed of diamond surfaces
and biomolecules
Examples of non-solvated, or solvated, situations are displayed in Figure 3.1.
a 100% H-terminated diamond (100)-2x1 surface that is functionalized with
BMP2 in a non-solvent environment is shown in Figure 3.1.b. Moreover, a
100% H-terminated diamond (100)-2x1 surface that is functionalized with
VEGF in a water solvent environment is shown in Figure 3.1.c. In this thesis,
the degree of surface coverages that gave the most energetically stable
surfaces (for each termination species) were utilized in Paper I and Paper III.
Theoretical calculations performed by Petrini et al76 showed that for H-, OH-,
and Oontop-terminations, a 100% coverage of the diamond (100)-2x1 and (111)
surface planes is most energetically favorable. For the Obridge-termination onto
a diamond (100)-2x1 surface, a surface coverage of 100% is difficult to reach
without using external energy to activate the adsorption process.
In Paper IV, the diamond surface termination possibilities involving
COOH and NH2, respectively, were also investigated. It was shown possible
to terminate the diamond (111) and diamond (100)-2x1 surfaces up to 100%
with NH2 species. However, COOH-termination of these surfaces is only
thermodynamically possible up to a surface coverage of about 50%. The main
cause for these observations is the induced sterical hindrances between the
COOH adsorbates.
The choice of diamond surface planes, diamond (100) and diamond (111),
was determined by their abundance on the surfaces of synthetic diamond and
nanodiamond particles, respectively.5, 37
In the choice of biomolecules, most of the models were, based on their
resources, selected from the Protein Data Bank (www.pdb.org). Only human
protein structures were chosen. The BMP2 model is composed of 3860 atoms
with PDB ID of 2QJA77, while the AGP model has 3383 atoms with PDB ID
of 1Z3U78. The VEGF model is composed of 1531 atoms with PDB ID of
1VPF79, and the FN model has 2944 atoms with PDB ID of 2FN280. Moreover,
the RGD, HP, and CT models, which possess definite chemical structures,
were built using the program Materials Studio.
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Figure 3.1. Three models of diamond-based systems: a) NH2-terminated diamond
(100)-2x1; b) BMP2 physisorbed onto an H-terminated diamond (100)-2x1 surface in
a non-solvent situation; and c) VEGF physisorbed onto an H-terminated diamond
(100)-2x1 surface in a water-solvated situation.

Figure 3.2. Supercell models of a) a diamond (100) thin film, and b) a diamond (111)
thin film. An H-terminated nanodiamond particle, with a diameter of 1.6 nm is shown
in c). The most abundant surface planes, (100) and (111), are marked with white and
yellow circles.

3.2 Nano-scale diamond models in one and three
dimensions
Nano-scale diamond has been modeled in one- and three-dimensions, in the
form of diamond thin films (1D) and nanodiamond particles (3D). For the 1D
situation, thin films of diamond (100) and (111) are shown in Figures 3.2. a
and b, respectively. The 3D model is shown in Figure 3.2. c.
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4. Results and Discussions

4.1 Nanodiamond dimensions
4.1.1. Evaluation of three theoretical methods
Different theoretical methods were used in evaluating their performances
regarding the adsorption of H species to the diamond (111) surface. Three
kind of calculations methods were used (DFT, DFTB and QM/MM), and the
results are shown in Figure 4.1. As shown in this figure, all three methods give
an identical trend in surface H adsorption energy as a function of the ND
diameter.

Figure 4.1. Adsorption energies (in kJ/mol) for H chemisorbed onto a diamond (111)
facet on diamond particles of different sizes. A comparison is made for the DFT,
QM/MM and Tight-binding DFT methods.

Moreover, it is found that the H adsorption energy will decrease with an
increase in the ND diameter. Specifically, the DFT method has been found to
be useful for diamond films, and for nanodiamond particles with diameters
from 0.4 nm to 1.4 nm. For larger diameters (up to 3.0 nm), the DFTB method
had to be used.
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4.1.2. One-Dimension Quantum Confinement- A Diamond
Surface
For the evaluation of surface structural changes as a function of film
thickness, the bond length between the surface C atoms and their adsorbate H
(i.e., C-H) were calculated for the diamond (100) and (111) surfaces (see Fig.
4.2.a). It is observed that the C-H bond lengths will increase when the film
thickness increases from 0.2 to 4 nm. This variation in bond length is more
pronounced for the thinner diamond films (from 0.2 to 1.0 nm). For the
diamond (100) surface, the C-H will increase from 1.083 to 1.103 Å (with a
total difference of 0.020Å). For the diamond (111) surface, the corresponding
bond length variation is from 1.103 to 1.115 Å (with a total difference of
0.012 Å). The C-H bond lengths reach a plateau value from 1.0 nm.
When comparing the results for the (100) and (111) diamond surfaces, it is
obvious that the C-H bond lengths for the diamond (100) surface are shorter
than for the diamond (111) surface. This is an indication of the fact that the
C-H bonds are stronger for the diamond (100) surface. The trends observed in
Fig. 4.2.a, indicate that there is a quantum confinement effect for diamond
thicknesses up to 1 nm. The observation that the diamond (100) surface C-H
bonds are stronger than for diamond (111), is in good agreement with earlier
theoretical studies by Petrini et al. 81
The adsorption energy is known to be a good indicator for surface
reactivity. The adsorption energies for the chemisorption of H onto the
diamond (100) and (111) surfaces are presented in Figure 4.2.b. As can be
seen in these figures, the adsorption energies change from -609 kJ/mol to -595
kJ/mol, for diamond (100) film thicknesses from 0.2 to 1 nm. For the diamond
(111) surface, the adsorption energies change from -497 to -469 kJ/mol for
film thicknesses from 0.2 nm to 1 nm. The results show that the adhesion
energy will be less negative (i.e., H will bind less strongly) when the diamond
(111) and (100) film thicknesses increase from 0.2 nm to 1 nm. Above 1 nm,
the adhesion energy will stabilize around plateau values.

28

Figure 4.2. C-H bond lengths (a), and surface H adsorption energies (b) for diamond
(100) and (111) surfaces.

As was the situation with the C-H bond lengths, this indicates a
size-dependency for the H adsorption energy with an increase in diamond film
thicknesses (from 0.2 nm to 1 nm). In addition, the adsorption energies for the
diamond (100) surface are generally more negative than the corresponding
ones for diamond (111). This indicates that the diamond (100) is more reactive
than diamond (111), which also has been confirmed by earlier theoretical81
and experimental82 studies.

4.1.3. Three-Dimension Quantum Confinement - Nanodiamond
Particles
4.1.3.1. Bond lengths, atomic charges and chemisorption energies
As stated in Section 4.1.1, DFT and DFTB were utilized in the calculations for
different diameters of the nanodiamond (ND) particles. Similar to 1D
nano-scale diamond films, geometrical variations in the C-H bond lengths for
diamond (100) and (111) facets, have been studied as a function of ND
diameter (see Figure 4.3.a). It can from these calculations be concluded that
the trend in bond lengths is, for both methods investigated, identical for ND
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diameters in the range from 0.4 nm to 1.4 nm. More specifically, with an
increase in ND diameter, the bond lengths will at first increase from a
diameter of 0.4 to 1.4 nm. When the ND diameter exceeds 1.4 nm, the DFTB
results are found to display an oscillation in bond length around 1.108 Å.
Moreover, in order to determine the influences of NDP diameters on the
charge distribution, C (surface) and H atomic charges have been calculated
using the DFTB method (Figure 4.3.b). A tendency for quantum confinement
is observed for both C (surface) and H charges for diamond particle diameters
in the range 0.4 nm to ~ 1.5 nm. With an increase in diameter, there is an
increase in C (surface) charge and a decrease in H charge. Both charges levels
out at a diameter of 1.5 nm, and from there on oscillate around an equilibrium
value. In addition, the C (surface) charges for the diamond (100) facet are
observed to cover a slightly larger range (-0.114 to -0.459) than the diamond
(111) facet charges (-0.118 to -0.198 e) do. This finding is in correspondence
with the bond length results in Figure 4.3. a), in which the C-H bond lengths
on diamond (100) surface are observed to change in wider range than that of
diamond (111) surface. These results can be explained by the larger reactivity
of the diamond (100) facet.
The adsorption energy for the chemisorption of H species onto the diamond
nanoparticles, can be visualized Figure 4.3.c. Similar to the other reactivity
indicators, a less negative H adsorption energy is obtained for diamond
particles of 0.4 nm to 1.4 nm diameter, and levels out from 1.4 nm and
onwards. When using the DFT method, the calculated adsorption energies are
in the ranges -451 to -421 kJ/mol [diamond (111) facet], and -465 to -424
kJ/mol [diamond (100) facet]. When using the DFTB method, the H
adsorption energies range from -608 to -581 kJ/mol [diamond (111) facet],
and -628 to -575 kJ/mol [diamond (100) facet]. Based on these results, it can
be concluded that the size-dependency of the H adsorption energy is quite
pronounced in rather narrow nano-size regions. A major difference between
the H-adsorption energies obtained for 1D and 3D, is that the numerical
energies are very similar for the diamond (100) and diamond (111) facets in
3D, whilst these surfaces exhibit quite a large difference in 1D.
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Figure 4.3. C-H Bond lengths (Å) (a), surface C and H atomic charges (b), and H
adsorption energy (c) for the terminating H species on diamond (111) and (100)
surfaces. Diamond slab thicknesses are in the range 0.2 nm to 4 nm.
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4.1.3.2. Electronic Properties of Nanodiamond Particles
In order to study the electronic properties of the nanodiamond particles as a
function of particle size, calculations of the HOMO and LUMO energy states
were made, using both DFT and DFTB techniques (see Figure 4.4 and Figure
4.5 ). In addition, information about band gaps could be gained from these
electronic states. The HOMO and LUMO energy levels for bulk diamond
have been inserted for comparison (dashed lines). As can be seen in Figure 4.4,
it is obvious that the HOMO and LUMO levels, and thereby the band gaps, are
influenced for nanodiamond particle diameters smaller than 1.4 (DFT), or 2
nm (DFTB).
For the LUMO levels, there is a decrease from 2.90 to 0.47 eV as the
diameter increase from 0.4 nm to 1.4 nm (using the DFT method). While for
DFTB, the LUMO levels vary from 6.49 to 1.69 eV for the same diameter
range. For particle diameters larger than 1.4 nm, the LUMO levels calculated
by DFTB, are observed to level out to a plateau value of 1.21 eV at 3 nm
diameter. When comparing with the experimental value for the bulk diamond
conduction band minimum of 1.3 eV83, the LUMO energy level calculated by
DFT, is observed to reach the bulk diamond values around a diameter of 1 nm.
The corresponding value for DFTB is 1.8 nm.
When comparing the HOMO levels, as calculated by both methods, the
HOMO energy level values are observed to increase from -6.50 (0.4 nm in
diameter) to -3.96 (1.4 nm in diameter) eV for DFT, and -6.79 (0.4 nm in
diameter) to -4.64 (1.4 nm in diameter) eV for DFTB. For larger ND particles,
the equilibrium HOMO level is -3.96 eV (3 nm in diameter). These results are
to be compared with the experimental valence band maximum of -4.2 eV.83
When comparing the results from both methods, the HOMO levels approach
bulk-like values for a diameter of 1.2 nm (DFT), and 2.0 nm (DFTB).
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Figure 4.4. Highest Occupied Molecular Orbital (HOMO), and Lowest Occupied
Molecular Orbital (LUMO), energy levels for nanodiamond particle diameters in the
range from 0.4 nm to 3 nm.

In Figure 4.5, a similar trend has been obtained for the band gap values, which
ranges from 9.41 (0.4 nm in diameter) to 4.43 eV (1.4 nm in diameter) for
DFT, and 13.28 (0.4 nm in diameter) to 5.17 eV (3 nm in diameter) for DFTB.
The experimental band gap value for bulk diamond is 5.5 eV. When
examining the results in Figure 4.5, it is obvious that both DFT and DFTB
provide the same trend for ND of different sizes.
In summary, it can be concluded that all of the surface reactivity indicators
that have been used in the present thesis (i.e., bond lengths, atomics charges,
H adsorption energies, HOMO/LUMO levels, and band gaps), give similar
trends, and show that there are quantum confinement effects for particle
diameters smaller than 2 nm. In fact, this is observed with both DFT and
DFTB.
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Figure 4.5. Bandgaps for nanodiamond particles diameters ranging from 0.4 nm to 3
nm.

4.1.3.3. Nanodiamond surface reactivity
As presented in Section 2.6, Fukui Functions (FF´s) have been calculated in
order to analyze the frontier orbitals with the purpose to visualize the chemical
reactivities of the surfaces. Three types of FFs have been studied, [f(+), f(0),
f(-)], which are defined for susceptibility of nucleophilic, radical and
electrophilic attacks, respectively. The results for diamond nanoparticles, in
the range from 0.4 nm to 1.4 nm, are presented in Figure 4.6. For diamond
particles of different diameters, identical isovalues (displayed in the color
scale bars in bottom) were set for each kind of FF. As shown in Figure 4.6., it
can be seen that a similar reactivity show a similarity in the 3D protrusion of
the FF electron density. In addition, from the middle column in Figure 4.6, it
can be concluded that the nanodiamond particles of diameters larger than 1
nm, are not susceptible to nucleophilic attacks. Moreover, the FF maps,
together with other surface chemical property indicators (i.e., bond lengths,
atomic charges, H adsorption energies, HOMO/LUMO levels, and band gaps)
suggest the existence of quantum confinements for ND particles smaller than
2 nm in diameter.
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Figure 4.6. Fukui function mapped on electron density isosurfaces for nanodiamond
particle diameters in the range from 0.4 nm to 3 nm. The left, middle, and right
columns display susceptibility for electronphilic [(f-)], nucleophilic [(f+)] and radical
attack [(f0)].
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4.2 COOH-termination
4.2.1 Optimized surface structures
As presented in Section 4.1, nanodiamond particle surfaces are composed of
different surface planes (so called facets), and among those, the diamond
(111) and (100) surfaces are the most abundant ones. Moreover, COOHterminated diamond surfaces resemble protein residues, and are capable of
forming amide bonds with biomolecules. This type of diamond surface is
therefore considered beneficial for protein functionalization. It is therefore of
a large interest to study the surface termination possibilities of this species, as
a function of surface coverage.
In Figure 4.7, some optimized structures for different coverages of
COOH-termination, are displayed. From the geometrical structures, it can be
seen that for larger coverages (see Figure 4.7 a-h), the covalent bonds between
the COOH species and the diamond surfaces, are broken. This will result in
desorption of COOH-related fragments (in some situations also desorption of
COOH molecules). Therefore, it is not possible to terminate both diamond
(100)-2x1 and diamond (111) surfaces with COOH up to 100%. The
underlying reason for that is most probably the larger sterical hindrances
amongst the COOH adsorbates, as compared to for smaller termination
species like H (or OH).
The surface coverages where the sterical problems start to take place are
56.25% for both surface planes. Specifically, for the diamond (100)-2x1
surface, a cross-linking between surface C atoms and O (in the COOH
adsorbates) starts to take place at this specific surface coverage (see Figures
4.7 e and f). At coverage of 75%, desorption of molecular COOH, or related
species, start to take place (as displayed in Figures 4.7 f and g). For the
diamond (111) surface, similar desorption of COOH-related species start even
earlier (at a coverage of 56%). From these results, it can be concluded that for
both surface planes, the highest possible coverage of COOH-termination,
without additional reactions between the adsorbates and the surface, is 50%.
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Figure 4.7. Geometries of optimized structures of COOH-terminated surfaces: a) 56%
COOH-terminated diamond (111); b) 62 % COOH -terminated diamond (111) ; c)
75% COOH-terminated diamond (111) ; d) 100% COOH-terminated diamond (111);
e) 56% COOH-terminated diamond (100)-2x1 surface; f) 75% COOH-terminated
diamond (100)-2x1; g) 81% COOH-terminated diamond (100)-2x1; and h) 100%
COOH-terminated diamond (100)-2x1. The values in percentage are the surface
coverages on initial geometries (i.e. before the geometry optimization).

Figure 4.8. Representative central terminating species (COOH or NH2) on the
diamond surfaces. The atoms are numbered for the bond length analysis in Tables
4.1-4: a) COOH-terminated diamond (100)-2x1 surface; b) COOH-terminated
diamond (111) surface; c) NH2-terminated diamond (100)-2x1 surface; d)
NH2-terminated diamond (111) surface.
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4.2.2. Bond lengths of central terminating group
In order to further determine the influence of degree of surface coverage on
surface structural geometries, bond lengths of a representative terminating
species have been determined, and are presented in Tables 4.1-2. As observed
in Section 4.2.1, the bonds, as presented in the ball-and-stick stick models in
the optimized models, are not always realistic bonds. Instead, one has to
calculate the electron bond populations to be sure about the degree of
covalency. Furthermore, the atomic charges give information about the
ionicity in the bonds. It is highly helpful to also compare with experimental
values of expected bond lengths. The experimentally obtained values for the
bond types that exist in our models are: 1.5-1.7 (C-C), 1.1-1.3 (C=O), 1.3-2.1
(C-O), and 0.9-1.2 (O-H) Å.84,85 The "bond lengths" which exceed these
reference values are marked with asterisks in Tables 4.1-2. From these two
tables, it can be concluded that unrealistic bond lengths start to occur at
surface COOH coverages of 56.25%, which is further evidence of the fact that
the largest coverage of COOH termination is approximately 50%, for both
surface planes.

38

Table 4.1. C-C, C=O, C-O, and O-H "bond lengths" (within the central COOH
adsorbate, as displayed in Figure 4.8), as a function of COOH diamond (100)-2x1
surface coverage. The “bond lengths” which exceed experimental values are marked
with asterisks. Surface coverages for which cross linking between the adsorbate and
the surface takes place, are marked in yellow. Surface coverages for which desorption
of fragments takes place, are marked in red.
Diamond (100)-2x1 Bond Length (Å)
Concentration (%)
C-C1

C-C2

C=O

C-O

O-H

6.25%

1.53

1.60

1.22

1.37

0.98

12.5%

1.53

1.60

1.22

1.37

0.980

18.75%

1.52

1.61

1.22

1.40

0.98

25%

1.53

1.59

1.22

1.37

0.98

31.25%

1.52

1.61

1.24

1.33

0.99

37.5%

1.50

1.61

1.23

1.34

0.99

43.75%

1.51

1.59

1.25

1.32

0.99

50%

1.50

1.59

1.22

1.35

0.98

56.25%

1.58

1.58

1.30

1.49

1.00

62.5%

1.53

1.56

1.27

1.35

0.98

68.75%

1.60

1.55

1.43*

1.40

0.98

75%

1.50

1.52

1.36*

1.52

2.05*

81.25%

1.51

1.54

1.42*

1.35

1.94*

87.5%

1.52

1.56

3.16*

1.39

1.67*

93.75%

1.72*

1.53

1.46*

1.40

5.55*

100%

1.92*

1.55

1.42*

2.76*

1.00
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Table 4.2. C-C, C=O, C-O, and O-H "bond lengths" (within the central COOH
adsorbate, as displayed in Figure 4.8) as a function of COOH diamond (111) surface
coverage. The “bond lengths” which exceed experimental values are marked with
asterisks. The surface coverages for which desorption of fragments takes place, are
marked in red.
Concentration (%)
Diamond (111) Bond Length (Å)
C-C

C=O

C-O

O-H

6.25%

1.56

1.23

1.38

0.99

12.5%

1.56

1.23

1.37

0.99

18.75%

1.56

1.23

1.36

0.99

25%

1.57

1.23

1.37

0.98

31.25%

1.56

1.22

1.37

0.98

37.5%

1.57

1.24

1.33

0.98

43.75%

1.60

1.23

1.35

0.98

50%

1.60

1.23

1.35

0.98

56.25%

1.60

1.33*

1.53

2.62*

62.5%

1.53

1.38*

1.40

2.05*

68.75%

1.49

2.08*

1.24

1.71*

75%

1.52

1.49*

1.42

1.98*

81.25%

1.51

3.50*

1.34

2.97*

87.5%

1.53

4.19*

1.38

3.40*

93.75%

1.60

5.21*

1.33

4.21*

100%

1.57

4.85*

2.50*

1.02

4.2.3. Total and Averaged Adsorption Energies
Apart from the structural geometries, the adsorption energies for the various
surface termination groups are crucial for the thermodynamic stability of the
terminated surfaces. In order to determine the termination coverage influence
on the adsorption energies, the total adsorption energies for
COOH-termination are plotted for the diamond (100)-2x1 and (111) surfaces,
respectively (see Figure 4.9). Correspondingly, the averaged adsorption
energies are shown in Figure 4.9. As presented in Section 4.2.1, surface
reconstructions like cross-linked atoms, or fragment desorption, started to
take place at a surface coverage of 56.25% for both surface planes. In order to
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visualize this also for the adsorption energies, both reconstruction behaviours
are marked with colour either in yellow (cross-linking) or red (bonds broken).
For the diamond (100)-2x1 surface, a total adsorption energy minimum
(-26.2 eV) is reached at a coverage of 50% COOH-termination (Figure 4.9. a).
The corresponding adsorption energy minimum (-17.8 eV) for diamond (111)
is likewise found for a coverage of 50%. Even though it is found that the
adsorption energies decreased further for surface coverages of 75% and 88%
for diamond (111), the severe surface reconstructions have declined their
validity as desired COOH terminations in the present study. In summary, the
optimal COOH-termination coverage for both surface planes is 50%.
Additionally, the averaged adsorption energy per COOH adsorbate, is also
graphed for its usefulness in following the thermodynamic evolution in the
adsorption process, step by step (Figure 4.10). For the diamond (100)-2x1
surface, the averaged adsorption energies range from -5.5 to -3.3 eV, as the
coverage increases from 0 to 50%. For diamond (111), the values range from
-5.1 to -2.2 eV. In both cases, the energetic preferences for the initial COOH
adsorption is displayed, and the onward termination process will be
energetically harder as the coverage increases. The results indicate an overall
picture of the difficulties of terminating both surface planes with COOH
groups.
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Figure 4.9. Adsorption energies for the surface terminating species (COOH) as a
function of an increasing surface coverage on an otherwise H- terminated diamond
surface. Unphysical structures spots are marked in yellow (cross linking) and red
(bonds broken): a) 2x1 reconstructed diamond (100) surface; and b) diamond (111)
surface.

When comparing the results for the two surface planes, it can be concluded
that the diamond (100)-2x1 surface possesses both lower (i.e., more negative
values) total adsorption energies, and averaged adsorption energies, for
surface coverages from 0 to 50%. Hence, it seems to be thermodynamically
easier to terminate a diamond (100)-2x1 surface with COOH groups. The
underlying reason is most probably the difference in surface C concentration
between diamond (100)-2x1 and diamond (111) surface planes. The surface C
concentration of diamond (111) surface is 0.18 C/Å2, while that of diamond
(100)-2x1 is 0.16 C/Å2. The lower surface C concentration for diamond
(100)-2x1, leads to a longer distance to neighbouring surface termination
groups, and thereby also to a lower sterical hindrances. These findings can be
further supported by experimental findings.
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Figure 4.10. Average adsorption energies for the surface terminating species (COOH)
as a function of surface coverage on an otherwise H-terminated diamond surface: a)
2x1 reconstructed diamond (100) surface; and b) diamond (111) surface.

4.2.4. Surface Partial Density of States (pDOS)
As thoroughly described in the introduction, surface termination is one of the
important factors for the diamond surface chemical properties (e.g.,
wettability26, conductivity4). In determining the influence of COOH
adsorbates on the diamond (100)-2x1 and (111) surface properties, partial
Density of States (pDOS) have been simulated for a 50% surface coverage.
For comparison, 100% surface coverage with H on both diamond (100)-2x1
and (111) surface planes were calculated as well. The results are shown in
Figures 4. 11-12.
For the 100% H-terminated diamond (100)-2x1 surface, a HOMO-LUMO
gap of 2.6 eV is observed (see Figure 4.11 a). For the 50%
COOH-termination, the HOMO-LUMO gap is still 2.6 eV, but with partially
filled bandgap states that originates from the COOH groups. However, it must
be stressed that they were of a very small magnitude (se Figures 4.11 b and c).
For the 100% H-terminated diamond (111) surface, the HOMO-LUMO gap is
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calculated to be 2.5 eV (see Figure 4.12 a). When the surface is terminated to
50% with COOH groups, a shift of the LUMO level to lower energy levels is
observed, and the HOMO-LUMO gap decreases to 1.5 eV (see Figures 4.12 b
and c). In conclusion, a more pronounced influence by COOH-termination on
the diamond (111) pDOS is observed, in comparison to the corresponding
situation for the diamond (100)-2x1 surface.
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Figure 4.11. Partial Density of States (pDOS) for differently terminated diamond
(100)-2x1 surfaces. The black and red lines demonstrate the pDOS for the s and p
orbitals, respectively. The blue lines are the sum of s and p contributions: a)
H-terminated diamond (100)-2x1 surface; b) 50% COOH-terminated diamond
(100)-2x1 surface; c) molecular COOH spectra (from b); d) 100% NH2-terminated
diamond (100)-2x1 surface; and e) molecular NH2 spectra (from d).
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Figure 4.12. Partial Density of States (pDOS) for differently terminated diamond
(111) surfaces. The black and red lines demonstrate the pDOS for the s and p orbitals,
respectively. The blue lines are the sum of s and p contributions: a) H-terminated
diamond (100)-2x1 surface; b) 50% COOH-terminated diamond (100)-2x1 surface;
c) molecular COOH spectra (from b); d) 100% NH2-terminated diamond (100)-2x1
surface; and e) molecular NH2 spectra (from d).
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4.3 NH2-terminated diamond surfaces
4.3.1 Optimized surface geometries
Compared to the structural surface geometries observed for
COOH-termination, the situations for NH2-termination are not predicted to be
so difficult with respect to sterical hindrances. The optimized geometries of
for 100% surface coverages with NH2, for both diamond (100)-2x1 and
diamond (111) surfaces, are presented in Figure 4.13. As can be seen in these
figures, no unexpected structural surface reconstructions take place for
NH2-coverages up to 100%. This can be explained by the smaller degree of
sterical hindrance amongst the NH2-adsorbates, as compared with
COOH-adsorbates.

Figure 4.13. Optimized structural geometries for 100% NH2-terminated diamond
surfaces: a) (100)-2x1; and b) (111).

4.3.2. Bond lengths of central termination group
Similar to the situation with COOH adsorbates in Section 4.2.2, the atoms in a
representative NH2 adsorbate are numbered as displayed in Figure 4.8, and the
intramolecular bond length values are presented in Tables 4.3-4 for diamond
(100)-2x1 and diamond (111) surfaces, respectively. The corresponding
experimental bond lengths are:1.5-1.6 (C-C), 1.4-2.1 (C-N) and 1.0-1.4 (N-H)
Å.85 When comparing the calculated bond lengths for the NH2 adsorbate with
the experimental ones, no unconformity are observed for surface coverages up
to 100%.
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Table 4.3. Csurface-C, C-N, N-H1, and N-H2 bond lengths (for the central NH2
adsorbate as shown in Figure 4.8) as a function of NH2 diamond (100)-2x1 surface
coverage.
Diamond (100)-2x1 Bond Length (Å)
Concentration (%)
Csurface-C
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C-N

N-H1

N-H2

6.25%

1.60

1.47

1.02

1.02

12.5%

1.60

1.47

1.02

1.02

18.75%

1.60

1.47

1.02

1.02

25%

1.60

1.47

1.02

1.02

31.25%

1.60

1.47

1.03

1.02

37.5%

1.60

1.47

1.03

1.02

43.75%

1.60

1.47

1.03

1.02

50%

1.60

1.47

1.02

1.02

56.25%

1.61

1.47

1.03

1.02

62.5%

1.60

1.47

1.03

1.02

68.75%

1.60

1.47

1.02

1.02

75%

1.59

1.48

1.02

1.02

81.25%

1.59

1.48

1.03

1.02

87.5%

1.57

1.49

1.04

1.02

93.75%

1.65

1.48

1.03

1.03

100%

1.60

1.47

1.02

1.02

Table 4.4. C-N, N-H1, N-H2 bond lengths (for the central NH2 adsorbate as shown in
Figure 4.8) as a function of NH2 diamond (111) surface coverage.
Diamond (111) Bond Length (Å)
Concentration (%)
C-N

N-H1

N-H2

6.25%

1.48

1.02

1.02

12.5%

1.49

1.02

1.02

18.75%

1.49

1.02

1.02

25%

1.48

1.02

1.02

31.25%

1.49

1.02

1.02

37.5%

1.49

1.02

1.02

43.75%

1.49

1.02

1.02

50%

1.50

1.02

1.03

56.25%

1.50

1.03

1.03

62.5%

1.51

1.02

1.03

68.75%

1.50

1.02

1.05

75%

1.50

1.02

1.02

81.25%

1.49

1.04

1.02

87.5%

1.48

1.08

1.05

93.75%

1.48

1.03

1.01

100%

1.47

1.00

1.22

4.3.3. Total and Averaged Adsorption Energies
As presented in Figure 4.14-15, total adsorption energies and averaged
adsorption energies are plotted as a function of surface NH2-termination
coverage. As described in Sections 4.3.1. and 4.3.2., there are no unphysical
structures or unrealistic long bond lengths observed for any surface coverage.
Hence, it is possible to take all coverages in consideration to seek an optimal
surface coverage for NH2-termination. For the diamond (100)-2x1 surface, the
lowest total adsorption energy (i.e., indicating the strongest bonding situation)
is obtained for a surface coverage of 100%, with a value of -45.8 eV. The
situation is similar for a diamond (111) surface, with a minimum in total
adsorption energy of -39.9 eV at coverage of 100%.
The averaged adsorption energies display a slightly different picture for the
diamond (100)-2x1 and diamond (111) surfaces (see Figure 4.15). The
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averaged adsorption energy per NH2 adsorbate is in the range from -4.0 eV to
-1.1 eV for the diamond (100)-2x1 surface. For the diamond (111) surface, the
values range from -3.6 eV to -1.5 eV. When comparing the two diamond
surfaces with respect to ascending averaged adsorption energies, the pictures
will be quite different. In fact, ascending averaged adsorption energies are
observed for the diamond (111) surface, with an increase in surface coverage.
However, this is not observed for the diamond (100)-2x1 surface. The average
adsorption energy for the diamond (100)-2x1 surface, is observed to at first
decrease from -3.8 eV, until it reaches a minimum at -4.0 eV for a surface
coverage of 43.75%. Thereafter, it was observed to increase until -2.9 eV for a
surface coverage of 100%. A plausible explanation for this observation can be
that the diamond (100)-2x1 surface possesses a lower surface C concentration
(as compared to for the diamond (111) surface), which leads to a smaller
degree of sterical hindrances amongst the NH2 adsorbates.

Figure 4.14. Total adsorption energies of surface terminating NH-species as a
function of increasing surface coverage, on an otherwise H-terminated diamond (111)
and (100)-2x1 surface, respectively.
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Figure 4.15. Average adsorption energies for surface NH2-terminating species as a
function of increasing surface coverage on an otherwise H-terminated diamond (111)
and (100)-2x1 surface, respectively.

4.3.4. Surface Partial Density of States (pDOS)
As presented in the introduction, NH2-termination structures resemble protein
residues and are therefore beneficial for biomolecule functionalization. This
specific type of termination has been investigated for its influence on surface
pDOS. Compared to a 100% H-terminated diamond (100)-2x1 surface
(Figure 4.11.a), a 100% NH2-terminated diamond (100)-2x1 surface has been
observed to display a decrease in the HOMO-LUMO gap (from 2.6 eV down
to 1.6 eV; see Figures 4.11.d and e). This is also the situation for a diamond
(111) surface, where a 100% H-terminated surface displays a HOMO-LUMO
gap of 2.5 eV, while the corresponding value for a 100% NH2 terminated
surface is 0.8 eV (see Figures 4.12.d and e). Both shifts of HOMO/LUMO
energy levels are contributed by surface NH2 termination groups.

4.4 Biomolecule screening
In order to seek the combined effects of surface plane and termination type on
each biomolecule adhesion performances, various biomolecules (BMP2,
VEGF, AGP, FN, RGD, CT and HP) have been studied. The surface planes
include diamond (100)-2x1 and diamond (111), and the surface termination
types are H-, OH-, Oontop-, Obridge-, and NH2-termination. The purpose is
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initially to start with a quite fast screening, with the purpose to identify the
most interesting adhesion situations. These calculations were therefore
performed in a non-solvent environment. For these various parameter
combinations, the calculated absolute values of the adhesion energies are
shown in Figure 4.16 a for the diamond (100)-2x1 surface, and in Figure 4.16
b for the diamond (111) surface. As can be seen in these figures, the resulting
adhesion energies can be grouped into three categories.

a) Diamond (100)-2x1
1400

∆Ead [kcal/mol]
RGD

1200

CT

1000

HP

800

FN

600
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BMP2
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AGP
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0
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Obr

NH2

b) Diamond (111)
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2500
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2000
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FN

1500

VEGF

1000

BMP2
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0
H

OH

Oon

Obr
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Figure 4.16. Absolute values for the adhesion energies of various biomolecules
attached to X-terminated diamond (100)-2x1and diamond (111) surfaces (X = H, OH,
Oontop, Obridge, and NH2). The biomolecules include VEGF, BMP2, AGP, FN, HP, CT,
and RGD.
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For the first category, BMP2, the adhesion energy impede any other
candidates among all termination types and surface planes, with adhesion
energies (absolute values) 2-3 times larger than for the rest of the
biomolecules. The second category consists of three biomolecules, AGP,
VEGF and FN. Their adhesion energies range from -900 to -170 kcal/mol.
The third category, which includes the small peptides (RGD, CT and HP),
exhibits adhesion energies from -250 to -25 kcal/mol. When considering the
molecular weight of the models presented in Section 3.1, it can be concluded
that the adhesion energies are strongly size-dependent. Moreover, the
adhesion energies for the diamond (111) surface are observed to be generally
lower than for the diamond (100)-2x1 surface. This can be explained by the
larger surface C atom density on the diamond (111) surface (0.18 atom/Å2), as
compared with the diamond (100)-2x1 surface (0.16 atom/Å2).
When considering the preferences for each biomolecule with respect to
surface termination type and surface plane, the situations were found to be
different. For the diamond (100)-2x1 surface, Oontop-termination is found to be
the most energetically preferred one for the BMP2 and HP biomolecules. The
Obridge-termination is, on the other hand, found to be the preferred one for
adhesions of AGP and FN. Moreover, the NH2-termination is calculated to be
the preferred one for VEGF, and H-termination is preferred by CT and RGD.
For the diamond (111) surface, the preferences for surface termination for
each biomolecule, is with, one exception, identical to the situation for the
diamond (100)-2x1 surface. The exception, FN, possesses the highest
adhesion affinity for Obridge termination when physisorbed onto diamond
(100)-2x1 surface. When physisorbed onto diamond (111) surface,
H-termination is the preferred termination type.

4.5 Adhesion of Proteins in a Water Solvent
Environment
4.5.1. Adsorption energies of diamond (100)-2x1 and (111)
surfaces
As a result of the screening of biomolecule physisorption in non-solvent
environments (see Section 4.4), it could be concluded that the size of the
biomolecules is predominantly determining the adhesion energies. Based on
this information, four larger protein candidates (BMP2, AGP, VEGF and FN)
have been chosen for further investigations in a solvent environment. A water
solvent was selected since it is the most important and abundant solvent for
physiological reactions. The adhesion energy values are presented in Figures
4.17-18 and Tables 4.5-6 for diamond (100)-2x1 and diamond (111),
respectively. In these figures and tables, the adhesion energies for a solvent
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environment are compared with the corresponding values for a non-solvent
situation.
As can be seen in Table 4.5, the adhesion energy values for a water solvent
and a diamond (100)-2x1 surface, differ appreciably from the non-solvent
situation. This can be explained by biomolecular adhesion energies in solvent
are contributed not only by interaction with diamond surfaces, but also with
the surrounding water solvent.

Figure 4.17. Absolute values of adhesion energies for attached biomolecules (BMP2,
VEGF, Fibronectin, and AGP) onto a 2x1-reconstructured diamond (100) surface.
The surface is terminated with either of four different species (H, OH, COOH, or
NH2), and the biomolecules are either non-solvated, or solvated in water.
Table 4.5. Adhesion energy values for BMP2, VEGF, FN, and AGP onto a diamond
(100)-2x1 surface. The termination species are H, OH, COOH, and NH2, respectively.
The biomolecules are either solvated in water, or modeled in the gas phase.
Energy
[kcal/mol]

Diamond (100)-2x1
H2O-solvated
H

Non-solvated

OH

NH2

COOH

H
-552.9

OH

NH2

COOH

BMP2

-6600.1

-8875.6

-6512.6

-8312.1

AGP

-5218.2

-5242.3

-5358.4

-5354.4

-349.9

-167.7

-515.7

-295.7

FN

-3789.5

-3821.8

-3796.1

-4066.5

-456.5

-179.3

-472.1

-330.2

VEGF

-2177.3

-2099.9

-2088.1

-2349.6

-330.5

-219.1

-388.5

-430.0
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-579.7 -1816.0

-847.6

As can be seen in Figure 4.17, BMP2 possesses the strongest adhesion energy
when compared with the other proteins (regardless of termination species).
This observation correlates well with the above presented biomolecule
screening results, and with the experimental results by Steinmuller-Nethl et.
al17. The experimental investigation pointed at very high adhesion energies
for BMP2, physisorbed on an H- (or O-) terminated nanocrystalline diamond
surface. In addition, the result of the biochemistry assay showed that the
bioactivity was preserved after adhesion to the diamond surface. The order of
the of the other protein adhesion energies is; AGP (-5400 ~ -5200 kcal/mol) <
FN (-3500 ~ -4500 kcal/mol) < VEGF (-2000 ~ -2500 kcal/mol). This order is
independent of termination species, which indicate that the magnitude of the
adhesion energies is predominantly depending on the specific protein, rather
than the termination species.
It must however be stressed, that even the lowest adhesion energy
(observed for VEGF, attached onto the diamond (100)-2x1 surface), is found
to correspond to an absolute adhesion energy of ~ 2000 kcal/mol, which
indicate a strong binding to the diamond surface.

Figure 4.18. Absolute adhesion energies for the biomolecules BMP2, VEGF, FN, and
AGP, attached to a diamond (111) surface. The surface is terminated with H, OH,
COOH, or NH2, and the biomolecules were either non-solvated, or solvated in water.

Similar to the situation with the diamond (100)-2x1 surface, a strong binding
of BMP2 is obtained for the diamond (111) surface (Table 4.6), with adhesion
energy values from (-8900 ~ -7100 kcal/mol). The order of adhesion energy
values is: BMP2 < AGP < FN < VEGF, which is identical to for the diamond
(100)-2x1 surface. When comparing the results for non-solvent and solvent
situations, the larger BMP2 adhesion affinity for diamond (111) in a
non-solvent environment, is not observed for the water solvent situation.
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In comparing the adhesion energy values for various terminating species, it
is found that BMP2 should possess the largest adhesion energy (~1800
kcal/mol) for the diamond (100)-2x1, as compared to for the diamond (111)
surface (~1050 kcal/mol). When considering the AGP protein, the calculated
adhesion energies are within the range -5300 ~ -3750 kcal for the diamond
(111) surface, and between -5400 ~ -5200 kcal/mol for the diamond (100)-2x1
surface. These results indicate strong physisorption of AGP onto the diamond
(111) surface, and a significantly different adhesion energy values for
different surface terminations. The corresponding deviations for FN adhesion
affinities are 1000 kcal/mol when adsorbed onto differently terminated
diamond (100)-2x1 surface, and 500 kcal/mol when adsorbed onto differently
terminated diamond (111) surface. This indicates a slightly stronger
dependence on surface termination for FN on the diamond (100)-2x1, as
compared with the diamond (111) surface. For VEGF, the range of adhesion
energies are identical for both surface planes (-2500 ~ -2000 kcal/mol).
Table 4.6. Adhesion energy values for the proteins BMP2, VEGF, FN, and AGP,
attached to a diamond (111) surface. The surface is terminated with either of four
different species (H, OH, COOH, or NH2), and the proteins are either non-solvated or
solvated in water.
Energy
[kcal/mol]

Diamond (111)
H2O-solvated

Non-solvated

H

OH

NH2

COOH

H

BMP2

-7118.7

-8851.6

-8167.4

-7707.6

-1408.0

AGP

-3798.1

-4404.6

-5164.7

-5257.5

FN

-3824.5

-4051.3

-3766.9

VEGF

-2095.8

-2515.7

-2191.0

OH

NH2

COOH

-1939.2

-1650.4

-1577.4

-671.5

-475.3

-688.2

-552.9

-4280.2

-286.3

-524.4

-604.2

-676.0

-2358.2

-417.5

-512.8

-599.4

-563.9

4.5.2. Physisorption of various proteins as a function of surface
plane and termination
In Figure 4.19., the absolute values of the adhesion energies of BMP2, AGP,
FN and VEGF, respectively, are presented in order to identify the
physisorption behaviour, depending on the termination species and surface
plane. The order of adhesion energy values for BMP2 in a water solvent is:
-8875.6 (OH) < -8312.1 (COOH) < -6600.1 (H) < -6512.6 (NH2) kcal/mol for
diamond (100)-2x1 surface. For BMP2 adsorbed on a diamond (111) surface,
the only difference is that the H-termination will possess a slightly larger
adhesion energy compared to the NH2 termination. For the second strongest
binding protein, AGP, the following order of adhesion energy is obtained;
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-5358.4 (NH2) < -5354.4 (COOH) < -5242.3 (OH) < -5218.2 (H) kcal/mol for
the diamond (100)-2x1 surface, and -5257.5 (COOH) < -5164.7 (NH2) <
-4404.6 (OH) < -3798.1 (H) kcal/mol for the diamond (111) surface.
H-termination is apparently the least preferred termination for both surfaces.
Otherwise, the order of adhesion energies for the other three termination
types, differ completely.
For the third protein on the adhesion affinity scale, FN, the corresponding
order of adhesion energy are: -4280.2 (COOH) < -4051.3 (OH) < -3824.5 (H)
< -3766.9 (NH2) kcal/mol for the diamond (111) surface, and -4066.5
(COOH) < -3821.8 (OH) < -3796.1 (NH2) < -3789.5 (H) kcal/mol for the
diamond (100)-2x1 surface. These results show that the FN physisorption is
not pronouncedly affected by termination species, or surface planes. A similar
situation for VEGF is observed in Figure 4.19. The orders of energy for
various termination types are -2349.6 (COOH) < -2177.3 (H) < -2099.9 (OH)
< -2088.1 (NH2) kcal/mol for diamond (100)-2x1 surface, and -2515.7 (OH) <
-2358.2 (COOH) < -2191.0 (NH2) < -2095.8 (H) kcal/mol for the diamond
(111) surface. Hence, the termination species and surface planes are not
important factors for VEGF adhesion affinities.

Figure 4.19. BMP2 (a), Angiopoietin (b), VEGF (c), and Fibronectin (d) absolute
adhesion energies for differently terminated diamond (100) and diamond (111)
surfaces. The termination species include H, OH, COOH and NH2.
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4.5.3. Protein structural analysis
4.5.3.1 General
The protein structural changes are crucial for its functionalities in vivo. In
order to further analyze the influence of the functionalization process on
protein structures and functionalities, several features have been compared.
Specifically, the atomic structures, electrostatic maps and infrared spectra
were generated for four different proteins. Moreover, the combinations of
surface plane and termination type that gave the largest and smallest adhesion
energies for each protein, were especially chosen: i) OH-terminated diamond
(100)-2x1 (largest) and H-terminated diamond (100)-2x1 (smallest) for
BMP2; ii) NH2-terminated diamond (100)-2x1 (largest) and H-terminated
diamond (111) (smallest) for AGP; iii) COOH-terminated diamond (111)
(largest) and NH2-terminated diamond (111) (smallest) for FN; iv)
OH-terminated diamond (111) (largest) and H-terminated diamond (111)
(smallest) for VEGF. Their adhesion energies values are presented in Table
4.7.
Table 4.7. Adhesion energy extremes (largest and smallest) for BMP2, VEGF, FN,
and AGP among different combinations of diamond surface planes (diamond
(100)-2x1 and diamond (111)) and terminating species (H, OH, COOH, or NH2). The
biomolecules were solvated in water.
Proteins

Adhesion Energy [kcal/mol]
Maximum

BMP2

AGP

FN

VEGF
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Minimum

Surface_Termination

100_OH

100_H

∆Eads

-8875.58

-6600.10

Surface_Termination

100_NH2

111_H

∆Eads

-5358.39

-3798.12

Surface_Termination

111_COOH

111_NH2

∆Eads

-4280.20

-3766.86

Surface_Termination

111_OH

111_H

∆Eads

-2515.69

-2095.77

4.5.3.2 Atomic structures and surface electrostatic maps
As described above, the BMP2 structure (before and after adhesion onto a
diamond surface, and its corresponding electrostatic maps) are displayed in
Figure 4.20. Generally, as it can be seen from the atomic structures before and
after functionalization process (Figure 4.20 a, b and c), the protein overall
structures are maintained regardless of the adhesion energies. By visualizing
the corresponding electrostatic maps (Figure 4.20 a*, b* and c*), the
functional groups (orange circles) maintain the negative electrostatic potential
situation after physisorption on diamond surfaces. Moreover, the slightly
positive region in the left part (see the blue rectangular box) shows a reduced
electrostatic potential after functionalized on OH-terminated and
H-terminated diamond (100)-2x1 surface.
In Figure 4.21, solvated AGP structures and electrostatic maps before and
after physisorption are visualized. From the atomic structures, it can be seen
that the overall structure and functional groups structures, are kept after
functionalization independent of adhesion affinities. The electrostatic maps
further show that the electrostatic potential distributions are maintained and
the slightly negatively charged functional group area are kept as well.
In Figure 4.22, solvated FN structures and electrostatic maps before and
after functionalization are shown. After visualizing the atomic structures, it
can be concluded that the functional groups are positioned in the desired
sterical places after functionalization, with some surrounding bonds rotated.
Moreover, the electrostatic maps of functional groups (orange circles) are kept
as rather neutral after physisorption onto diamond surfaces. It has to be
stressed that all above conclusions are independent of adhesion energies.
In Figure 4.23, solvated VEGF structures and electrostatic maps before and
after physisorbed onto diamond surfaces are displayed. By visualizing the
atomic structures and electrostatic maps, a good structural resemblance is
obtained for the three structures and electrostatic distributions.
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Figure 4.20. BMP2 atomic structures and corresponding surface electronic maps
before and after adhesion, with the positions of functional groups marked in yellow
and orange circles : a) solvated BMP2 atomic structure; a*) solvated BMP2 surface
electronic map; b) BMP2 atomic structure after absorbed onto OH terminated 2x1
reconstructed diamond (100) surface; b*) BMP2 surface electronic map after
absorbed onto OH terminated 2x1 reconstructed diamond (100) surface; c) BMP2
atomic structure after absorbed onto H terminated 2x1 reconstructed diamond (100)
surface; c*) BMP2 surface electronic map after absorbed onto H terminated 2x1
reconstructed diamond (100) surface.
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Figure 4.21. Angiopoietin (AGP) structures and surface electrostatic map before and
after adsorption onto the diamond surfaces, in water solvent. The functional groups
are marked in yellow and orange circles: a) solvated atomic APG structure; a*)
surface electrostatic map of solvated AGP; b) AGP structure after absorbed onto an
NH2-terminated diamond (100)-2x1 surface; b*) AGP surface electrostatic map after
absorbed onto an NH2-terminated diamond (100)-2x1 surface; c) AGP structure after
absorbed onto an H-terminated diamond (111) surface; c*) AGP surface electrostatic
map after absorbed onto an H-terminated diamond (111) surface.
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Figure 4.22. Fibronectin (FN) structures and surface electrostatic maps before and
after adsorption onto the diamond surfaces, in water solvent. The functional groups
are marked in yellow and orange circles: a) solvated FN atomic structure; a*) surface
electrostatic map of solvated FN; b) FN structure after absorbed onto an
COOH-terminated diamond (111) surface; b*) FN surface electrostatic map after
absorbed onto an COOH-terminated diamond (111) surface; c) FN structure after
absorbed onto an NH2-terminated diamond (111) surface; c*) FN surface electrostatic
map after absorbed onto an NH2-terminated diamond (111) surface.
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Figure 4.23. VEGF structures and surface electrostatic map before and after
adsorption onto the diamond surfaces, in water solvent. The functional groups are
marked in yellow and orange circles: a) atomic solvated VEGF structure; a*) surface
electrostatic map of solvated VEGF; b) VEGF structure after absorbed onto an
OH-terminated diamond (111) surface; b*) VEGF surface electrostatic map after
absorbed onto an OH-terminated diamond (111) surface; c) VEGF structure after
absorbed onto an H-terminated diamond (111) surface; c*) VEGF surface
electrostatic map after absorbed onto an H-terminated diamond (111) surface.

4.5.3.3 Analysis of infrared spectra
In order to further analyze the structural changes as a result of physisorption
onto a diamond surface, the infrared spectrum (IR) of a solvated BMP2
molecule, in addition to the corresponding IR spectra after physisorption onto
an OH- (or H-) terminated diamond (100)-2x1 surface, are shown in Figure
4.24. As can be seen in this figure, the peak around 3600 cm-1 (which is
assigned to O-H stretching within the COOH group), disappears when BMP2
was attached to the diamond surfaces. This can be explained by the possibility
for hydrogen bond formation between BMP2 and the diamond surfaces.
Similarly, the C=O vibration peak near 1600 cm-1 is weakened after adhesion
to the diamond surfaces. This is also, most probably, the result of the
formation of hydrogen bonds in the system under investigation. The
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ammonium group peaks, in the wide range of 2400-3200 cm-1, are however
maintained in all three IR spectra. This indicates that the nitrogen in the
ammonium groups is unaffected by the adhesion onto the diamond surfaces.
Figure 4.25 demonstrates the IR spectra for the hydrogen bond formation
between the diamond surfaces and the AGP protein (for molecular and
adsorbed states of the AGP). A group of peaks in the wide range of 3000-3800
cm-1, which can be assigned to N-H related groups, appeared for all three
spectra (i.e., for molecular as well as for adsorbed AGP). This suggests the
maintenance of the N-H related groups in the functionalization process. In
addition, the S-H stretching modes around 2600 cm-1 are observed for AGP
adsorbed onto the H-terminated diamond (111) surface, but not for the
NH2-terminated diamond (100)-2x1 surface. This is probably due to the
formation of hydrogen bonds between AGP and the H-terminated diamond
(111) surface.
In Figure 4.26, FN IR spectra are compared for different adhesion
situations. Similar to for AGP, the broad range of 3000-3800 cm-1, where N-H
related stretching peaks reside, is not affected by the physisorption process.
Moreover, the O-H stretching within the COOH groups disappear after
adhesion onto diamond surfaces. Again, this is most probably due to hydrogen
bond formation between FN and the diamond surfaces. Also, the C=O stretch
vibration peaks around 1600-1800 cm-1 are weakened after the adhesion,
which is assumed to be related to hydrogen bond formation.
In Figure 4.27, VEGF infrared spectra are compared before and after the
functionalization process of the diamond surfaces. In analogy with the other
protein candidates, the N-H related group stretching peaks from 3000 to 3800
cm-1 were preserved, while the O-H stretching peaks around 3600 cm-1
disappear after physisorption. The latter result is most probably due to the
formation of hydrogen bonds. In addition, the C-N stretching peaks around
2500 cm-1 are observed after adhesion onto the OH-terminated diamond (111)
surface, but not when adsorbed onto an H-terminated diamond (111) surface.
This is most probably due to the hydrogen bond formations between the
OH-termination species and the VEGF protein, but not with the H-terminating
species.
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Figure 4.24 Computed infrared spectrum of BMP2: a) Solvated model; b) BMP2
attached onto an OH-terminated diamond (100)-2x1 surface; and c) BMP2 attached
onto an H-terminated (100)-2x1 surface.
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Figure 4.25. Computed infrared spectrum for AGP: a) Solvated model; b) AGP
attached onto a NH2-terminated diamond (100)-2x1 surface; and c) AGP attached
onto an H-terminated (111) surface.
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Figure 4.26. Computed infrared spectrum for FN: a) Solvated model; b) FN attached
onto a COOH-terminated diamond (111) surface; and c) FN attached onto an
NH2-terminated diamond (111) surface.
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Figure 4.27. Computed infrared spectrum for VEGF: a) Solvated model; b) VEGF
attached onto a OH-terminated diamond (111) surface; and (c) VEGF attached onto
an H-terminated diamond (111) surface.
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5. Concluding remarks

In the present thesis, nanodiamond particles with different types of surface
terminations (e.g., COOH and NH2) have been investigated with the purpose
to gain information about their surface properties. Diamond is a promising
material for applications in biomedical fields, especially in the implant
industry and it is especially the properties related to this specific application
that have been explored theoretically in the present thesis.
The results in Paper II show that various factors (i.e., H adsorption
energies, surface C-H bond lengths, surface C/H Mulliken charges, HOMO,
LUMO, bandgaps) are size-dependent for diamond film thicknesses below 1
nm, and for nanodiamond particle diameters smaller than 2 nm. In other words,
quantum size confinement has been observed to only exist for diamond
particles smaller than 2 nm in diameter. Since the practical sizes are larger
than this, it has in Paper II been shown possible to model a particle facet by
using a surface model under periodic boundary conditions.
As discussed in the introduction, surface termination by COOH, or NH2,
species are beneficial for biomolecular immobilization. Both termination
types have therefore been studied in Paper IV. The results display that it is
possible to terminate a diamond (100)-2x1, or (111), surface to 100% with
NH2 species. On the other hand, for the COOH species, it is found to be not
possible to reach a stabilized surface with 100% coverage of COOH groups
due to the large degree of sterical hindrances amongst the COOH adsorbates.
For both types of diamond surfaces, a surface coverage of 50% is possible to
reach. In addition, calculated partial Density of States (pDOS) show that both
termination types (COOH and NH2) will contribute to the electronic states
within the HOMO-LUMO gap area (i.e. for the frontier orbitals). A narrowing
of the HOMO-LUMO gap is observed for 100% NH2-terminated diamond
(100)-2x1 and (111) surfaces, and for a 50% COOH-terminated diamond
(111) surface.
In order to implement the diamond material in implant industry, a rational
surface design is extremely important in order to maximize the utility of the
material. Protein functionalization of diamond surfaces are promising routes.
Therefore, various growth factors have been screened for the non-solvent
situation, with the purpose to get information about the effect of different
diamond surface planes, and termination types, on the protein adhesion
energies. The results in Paper I display a strong size-dependence of the
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biomolecules adhesion affinities when physisorb onto different diamond
surfaces (i.e., both regarding surface plane and termination types).
Based on the results from Paper I, four protein candidates (BMP2, AGP,
FN, VEGF) were selected due to their molecular weights and unique
physiological functionalities. Calculations of physisorption onto different
diamond surface planes, and with various surface termination types, have
been conducted for a water solvent environment (see Paper III). The results
indicate that hydrophilic surfaces are generally beneficial for protein
adhesions, and preferences for specific surface planes and terminations are
dependent on each protein candidate. Moreover, the protein structural
analysis, before and after the adhesion processes, show that the structure of
the functional group of the protein, as well as the electrostatic distribution, are
maintained during the functionalization process onto the diamond (100)-2x1,
and (111) surface, respectively.
In future studies, protein functionalization processes on diamond surfaces
can be modelled with more proteins candidates, and/or with other termination
types. For nanodiamond studies, more morphologies of nanodiamond
particles, NDP with some amount of surface grain boundaries can also be
studied from a theoretical point of view to understand the chemical property
dependence on these features. Studies on covalent binding of proteins to the
diamond surface are also a promising route for a successful diamond surface
functionalization. All of these studies would lead to a wider range of diamond
materials applications and eventual benefits for the patients.
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6. Summary in Swedish

Diamant, är ett lovande material med unika kemiska egenskaper som har
genererat ett omfattande forskningsintresse under de senaste decennierna.
Diamants ojämförliga hårdhet, höga värmeledningsförmåga och kemiska
reaktionströghet har medfört en mångfald av applikationer inom t.ex.
gruvindustrin och skärande bearbetning.
Under senare år har forskningsinsatser visat att man kan manipulera
diamants egenskaper genom att modifiera dess yta, vilket öppnar upp nya
möjligheter för att manuellt designa och skräddarsy egenskaper. I denna
avhandling visas, genom teoretiska beräkningar, hur diamonds kemiska
egenskaper kan varieras beroende på dess partikelstorlek i nanoskala och hur
egenskaperna kan förändras genom ytterminering av COOH- och
NH2-grupper. Resultaten visar på en uttalad kvantstorlekseffekt för
diamantpartiklar som är mindre än 2 nm i diameter, men inte för
diamantpartiklar som är större.
När det gäller yttermineringar så visarresultaten att man kan få 100%
yttäckning av -NH2 (på både 2x1 rekonstruerad diamant och (100) och (111)
ytor). Motsvarande yttäckning är 50% för COOH på 2x1 rekontruerad
diamant och på båda ytplanen (100 och 111). Den lägre yttäckningsgraden för
COOH beror på steriska hinder.
Dessutom, tack vare att diamant är så inert så fungerar diamant som ett
utmärkt material i biomedicinska tillämpningar, t.ex. på tandimplantat. För
implanterade material är otillräcklig vaskularisering (celltillväxt som fixerar
inplantaten) den stora utmaningen. FDA (Federal Drug Administration of
America) har godkänt tillväxtfaktorer som kan öka vaskulariseringen. I
avhandlingen modelleras hur tillväxtfaktorerna kan immobiliseras på
diamantytor och om deras funktionalitet bibehålls. Tillväxtfaktorerna
inkluderar enmorfogeniskt protein 2 (BMP2), fibronektin (FN), angiopoietin
1 (AGP), vaskulär endotelcellstillväxtfaktor (VEGF), Chitosan (CT),
arginylglycyl-aspargin syra (RGD), och heparin (HP). Av resultaten kan man
dra slutsatsen att biomolekylernas molekylvikt är avgörande för dessa
biomolekylers vidhäftning på diamantytor i situationer där inget
lösningsmedel (vatten) används. De fyra större proteinerna med hög
molekylvikt (BMP2, AGP, FN, VEGF) har vidare undersökts med vatten som
lösningsmedel på olika diamantytor med olika termineringar (H, OH, NH2 and
COOH).
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Beräkningarna visar att proteinernas vidhäftning på ytan beror på om ytan
är hydrofil (bäst) eller hydrofob (sämre). Vidare har proteinstrukturerna, före
och efter immobiliseringen, visualiserats och jämförts. Resultaten visar att
proteinernas struktur och funktion förmodligen har bevarats.
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