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Chapter 1. General Introduction

1.1. Molecular Electronics

1.1.1. Brief History

In 1974, the relationship between the electron transportation and the molecular
structure in single molecule based devices has been initially investigated by Arieh Aviram
and Mark Ratner!. They succeed to fabricate the first rectifier model as very simple
electronic devices by using single organic molecules composed of donor - o spacer
(insulator) - acceptor system (i.e. molecular p-n junction). Two molecules were used by
Aviram and Ratner, which illustrated in Figure 1. The first molecule is
tetracyanoquinodimethane (TCNQ) tetrathiofulvalene (TTF) or TCNQ-TTF henceforth, in
which TCNQ portion is used as an acceptor part while TTF portion is the donor part and
both donor and acceptor parts are separated by three methylene bridges (to be more rigid)
as an insulator or spacer to prevent overlapping between the two = — systems of the donor
and acceptor ; however the second molecule is hemiquinone in which the quino groups (=
O) are electron withdrawing groups so they decrease the = - electron density and elevate the
electron affinity, hence make the left part of the molecule behaves as an acceptor part
whereas the presence of the methoxy groups (— OCHa) in the right part as an electron
donating groups will increase the = - electron density and minimize the ionization potential
making the right part of the molecule as the donor part, again the donor and acceptor parts

are totally separated by single methylene bridge a spacer.
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Figure 1. Two examples of single molecules can be used as rectifiers, proposed by Aviram

and Ratner!, composed of acceptor - & spacer (insulator) - donor systems.

The rectification mechanism proposed by Aviram and Ratner is depicted in Figure 2, in
which the molecule and its molecular orbitals are located in between two metal electrodes,
the donor and acceptor parts of the molecule are totally separated by internal tunneling
barrier which represents o bridging bonds. As shown in Figure 2a, the energy diagram at no
applied bias voltage in which LUMO of the acceptor (the lowest unoccupied molecular
orbital) is located at or slightly above the Fermi energy level of the electrodes and
obviously above the HOMO (the highest occupied molecular orbital) of the donor which is
definitely appropriate to the rectifier behavior.

By applying an external field to the system, this is will cause an overlapping between
the Fermi energy level of the cathode with the LUMO of the acceptor, at the same time the
HOMO of donor would be also overlapped with the Fermi energy level of the anode. Under

the forward applied bias voltage (\VF), an electron can tunnel from the Fermi energy level
2



of the cathode to the LUMO of the acceptor, consequentially an electron tunnels from the
HOMO of the donor to the anode. Therefore, the electron tunneling process will occur from
LUMO of acceptor to HOMO of donor, as demonstrated in Figure 2b.

Under reverse bias conditions, the electron tunneling from the cathode to the anode is
no longer possible as the LUMO of donor is located higher than the Fermi energy level of
the cathode (and significantly higher than the HOMO of the acceptor), also the HOMO of
the acceptor is slightly lower than the Fermi energy level of the anode. If the reverse bias
voltage becomes high enough, current will start to flow from the anode to the cathode
through the = - system that means the tunneling mechanism would be same as forward case
however higher bias voltage (backward bias Vg) is needed Vg >> Ve (Figure 2c). As there is
no current will flow in the backward case, the device will show rectification behavior. In an
ideal rectification behavior, the electrical current should be passed in only one direction.

Accordingly since Aviram and Ratner’s proposal, the molecular electronics field
(occasionally also referred as moletronics?) has significantly expanded and attracted interest
of many researchers®!. Consequently numerous models of single molecule electronic
devices have been actively designed and developed with a wide range of characteristic
functions including diodes'?*®, memories!®® switches!®?3, logic gates?*?’, negative

differential resistance?®, transistors?®-3! and wires®2.
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Figure 2. Schematic diagram illustrating Aviram-Ratner rectifier model and the
rectification mechanism a, Energy diagram at zero applied bias voltage, in which molecular
orbitals of the molecule were located between two metal electrodes, the acceptor and donor
parts are separated by internal tunneling barrier which represents o bonds b, Forward
applied bias voltage in which the rectification direction in the system as follows
cathode — acceptor—» donor —» anode c, Reverse (backward) applied bias voltage,

in which electron transfer is irreversible.



1.1.2. Concept

Molecular electronics is an interdisciplinary theme in nanotechnology, which can be
also related to chemistry, physics, materials science and sometimes to biosciences!'3. The
term molecular electronics is describing the field in which single molecules, small group of
molecules or nanoscale objects can be utilized to perform electronic functions as the main
active components in the electronic devices®*’. There is a wide variety of molecular
building blocks, which can be used for the fabrication of electronic components i.e.
molecules, nanoparticles, nanotubes and nanowires to form new devices and circuit
architectures®*. These molecular building blocks can be designed and/or assembled in such
a way that they have properties which resemble traditional electronic components i.e. wire,
transistor, rectifier, memory and switch. By emerging the properties inherent in single
molecule components for fabricating a functional device; this will offer unlimited
possibilities for technological development because the potentially diverse electronic
functions of the component molecules®.

Another approach to fabricate molecular electronic devices can be attained by using
supramolecular chemistry techniques and/or self-assembly of organic molecules, carbon
nanotubes, proteins and others. Self-assembly is a phenomenon in which atoms, molecules
or groups of molecules can be arranged spontaneously into regular patterns without
interference from outside. Interestingly, in molecular electronic devices, the
electrochemically active molecules can change their behavior dramatically depending on
the surrounded environment whether by electrodes or by other materials, where the

molecules can either serve as conduits of electrical current or influence the charge transport
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properties of the electrodes to which they are connected’-%. Molecular electronic can be
subdivided into two categories; Molecular materials for electronics in which the bulk
properties of a material can be affected by utilizing the molecules properties, while

molecular scale electronics mainly concentrate on single-molecule applications®%.

1.1.3. Why Molecular Electronics?

Although the complementary metal-oxide-semiconductors (CMOS henceforth) are
being considered as the main solid state components for the modern integrated electronic
circuitry; there has been considerable interest in finding out alternative electronic devices,
which can display more significant applications, to replicate solid state components usage.
In this regard, single molecules have been considered as effective and valuable building
blocks for the future nanoelectronics systems, to overcome rising difficulties and
substantial limitations that CMOS technology facing upon further downscaling for
investigating higher performance’®.

When compared to the traditional inorganic materials i.e. silicon; organic
semiconductors molecules (like n-conjugated organic molecules and polymers) have a very
unique advantages and properties such as their low cost, low-temperature processing on
flexible substrates, high-speed fabrication and tunable electronic properties. Furthermore,
single molecules provide ideal systems to investigate charge transport on the molecular
scale. In addition by using the chemical synthesis, very interesting devices and promising
collections can be obtained such as nanocarbon materials / molecular junctions. Moreover,
by using the physical and electronic properties of organic molecules designed by synthetic

methods, chemical engineering can bring a novel dimensions in design flexibility that
6



doesn’t existent in typical inorganic electronic materials. Finally, the amalgamation of
molecules and other nanoscale structures has led to a number of demonstrations of new and
potentially useful applications. All of these aspects render single molecules a promising
candidate for the next generation of electronics, so this is where the richness of molecular
electronics emerges’ 8%,

Since the main subject-matter in molecular electronics is the concept of size decreasing
offered by molecular level control of properties even by individual molecules or by the use
of small ensembles as functional building blocks in electronic device. It is well known that
solid-state devices are fabricated from the “top-down” approach which utilizes an
assortment of sophisticated lithographic techniques in order to pattern a substrate and this
approach has become increasingly challenging as feature size decreases. On the other hand,
the molecules are synthesized and designed from “bottom-up” approach that emerges small
structures from the atomic, molecular, or single device level which offers a very precise

design of atoms and molecules with specific and significant functionalities.

1.2.  Porphyrins as Efficacious Components in Molecular Devices Design

1.2.1. Background and Importance

The word porphyrin comes from an old Greek word “porphura”, where this ancient
word was used for describing the purple color. Porphyrins are indeed a very large class of
naturally occurring or synthetic deeply colored organic dyes®3. As they are found
naturally in two of very well-known important biological compounds; porphyrins are
playing a vital role in the metabolism and biochemical processes in vivo. Haemoglobin is

containing porphyrin as ligand complexed with iron Il (haem), however reduced porphyrin
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ligand (chlorin) is complexing with magnesium Il giving chlorophyll (Figure 3).
Subsequently, without porphyrins and their metal derivatives, life would be impossible.
Therefore, being aware with these porphyrin systems, will led us to further understanding
wide variety of many important biological processes i.e. biological catalysis, oxygen

binding in haemoglobin and light absorption step in photosynthesis.

o HOOC COOH

Chlorophyli Haem

Figure 3. Chemical structure of Chlorophyll (left) and Haem (right).

In addition to their naturally occurring; porphyrins and their derivatives can be also
synthesized with a wide variety of functional groups, even with different anchoring groups
which can be directly attached to metal electrodes. This is because porphyrins are
architecturally adaptable and there are many chemical protocols in which various building
blocks can be used in the synthesis schemes i.e. aldehydes, pyrroles, dipyrromethanes,
dipyrromethenes and linear tetrapyrroles. Moreover porphyrins are very stable even in
solution and/or at high temperatures, furthermore porphyrins can be dissolved in both

aqueous and organic solvents?.



1.2.2. Porphyrin Structure

The fundamental structure of porphyrin macrocycle is consisting of four pyrrole rings
(marked with blue color) linked together through four methine (CH> = CH-) bridges
(marked with green). The basic structure of porphyrin (also known as porphine), together

with the IUPAC numbering system of its ring, is displayed in Figure 4.

Figure 4. Porphyrin structure and its IUPAC numeration system

In the IUPAC numbering system, carbons at positions 2, 3, 7, 8, 12, 13, 17 and 18 are
indicated to the -positions, carbons at positions 1, 4, 6, 9, 11, 14, 16 and 19 are referred to
the a-positions, however carbons at positions 5, 10, 15 and 20 are known as meso -positions.
There are four nitrogen atoms in porphyrin structure; two of them are pyrrolenine nitrogen
atoms (positions 21 and 23) which have the ability to accept two protons giving dication
structure. On the other hand, the other two nitrogen atoms in NH groups (positions 22 and
24) can form dianion structure by losing the two protons under basic conditions. Such kind
of porphyrin dianion is capable of coordinate with numerous of metals inside the porphyrin

macrocycle giving very wide variety of metalloporphyrins®®3%4l The coordination of



porphyrins with different metal centers resulting in different geometries i.e. regular (in-
plane) and sitting-atop (out-of-plane) based on the size and charge of the metal ions*?

Another important feature for porphyrin NHs that their signals in NMR spectra always
observed at very high field with negative chemical shift (shielding effect); the reason is
these protons are located as exocyclic (out of current) with respect to the local pyrrole ring
currents and endocyclic (in current) with respect to the macrocyclic current, in consequent
shielding effect could be occurred. It is worth to mention that, the f-protons and meso-
protons signals are always observed at low field with positive chemical shift, this is due to
they are located excocyclic with respect to the macrocyclic and local pyrrole currents,
hence desheilding effect would be happened*344,

The tetrapyrrole macrocycle planar structure of porphyrin is containing 22 n-electrons;
only 18 of them are delocalized. Accordingly the molecule is highly conjugated and
aromatic as it obeys to Hiickel rule of aromaticity (4n+2 delocalized n-electrons, where n=4
in porphyrin). Two conjugated forms can be formed due to the tautomerism of porphyrins
as a result for the presence delocalized 18 n-electrons. The possible conjugation pathway is
shown in Figure 5 and can be described using E. Vogel [18] annulene model*® in which

porphyrin behaves as a bridged diaza [18] annulene.
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Figure 5. Conjugation pathway and tatuomerism in porphyrin system.

1.2.3. UV- Visible Spectra and Electronic Structure of Porphyrins

Since porphyrins have a highly conjugated m-electron system; they always have an
intense colors derived from that spacious conjugation (Fig. 5). As a result, one of the most
substantial features for characterizing porphyrins is the UV / Visible electronic absorption
spectra which consisting of two distinguished zones in the ultraviolet and visible regions.
Figure 6 displays the UV / Visible absorption spectra of i.e. 5,15-bisdodecylporphyrin
(C12P) (left) and 5,15-bisdodecylporphyrin (Ni (11)-C12P) (right). It is illustrated from the
figure that the electronic absorption spectra of a typical porphyrins composed of two zones;
the first one is around 400 nm and called the Soret or B band region which is attributed to
the electronic transition from the ground state to the second excited state (So—S2). The
second zone is between 500 — 650 nm and called the Q-band region which is referred to the

electronic transitions from the ground state to the first excited state (So— Si1). The

absorption spectrum of porphyrins can be theoretically clarified by using “Gouterman four

orbital model”*.
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Figure 6. UV-Visible spectra of C12P (left) and Ni (I1)-C12P (right) including enlargement

of the Q region.

Gouterman proposed that the two absorption bands (B and Q) originate from
n—m electronic transitions between four orbitals (two HOMOs and two LUMOSs). The two
HOMOs are referred to aw, and axy orbitals (m-orbitals), while the two LUMOs are
degenerate and referred to egxand egy orbitals (z"-orbitals). Since a1y has similar energy of
a»y and because of the degeneracy of egx and egy; a strong configurational interaction
between the aiw—eg and the aiy—eg transitions. Consequently, two bands would be
originated with different wavelengths and intensities. The strong short-wavelength B-band
will be originated as a result for constructive interference, whilst destructive combinations
produced the weak long-wavelength Q-bands (Fig. 7). The spectrum in the visible region
can be changed, giving two or four Q-bands, by insertion of metal center atoms inside the

macrocycle of porphyrins or by protonation of the two inner nitrogen atoms. There are

12



many factors which can effect on the absorption spectra of porphyrins like temperature, pH

change, solvent type, metalation and/or protonation.

e
g y eg

a2y Ay

ayy HOMO Aqy
S2 ——
B band —“— S1
Q band
So

€gx LUMO €gy

Figure 7. The Gouterman four orbital model®.

1.2.4. Porphyrins for Molecular Devices Design

Since porphyrins can show promising physical and optoelectronic properties; so they
can be utilized in many fantastic applications i.e. enzymes simulation, catalysis, solar cells
fabrication and energy conversion, light harvesting and molecular electronics applications.
Focusing on the latter type of applications; as porphyrins have a characteristic, reversible

and rich redox chemistry which enhances employ as switches, wires, junctions, transistors
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and photodiodes. The physical and electronic properties of porphyrins are controlled by the
substituents which can bind to 4- and/or meso- positions, and also by the type of metal ions
which can be incorporated inside the porphyrin macrocycle. As divalent ligands, porphyrins
can be coordinated with almost every metal in the periodic table, which leads to further
modification and enhancement the optoelectronic properties of porphyrins*”,

The photoelectronic properties of a given porphyrin in materials are extremely depend
on the surrounding environment around porphyrin i.e. number, conductivity, connectivity,
relative orientation and the intermolecular interactions. As they possess adaptable photonic
properties, high stability, and synthesis availability, porphyrins and its related materials are
highly recommended to be used as main components of organic light emitting devices,
sensors, solar cells, and photocatalysts. There are two common ways through which
porphyrins can be organized onto material surfaces, the first one in which the porphyrin
active molecules can be covalently attached to the surface via well-established surface
chemistries, this way is known as self-assembled monolayers (SAMSs). In the second way
porphyrins can be self-organized giving two dimensional arrays and/or layers via non-
covalent adsorption onto surfaces. In the two cases, the molecular structure, surface

chemistry and energetics are playing essential roles in the fabrication and organization of

the final photonic materials*’#8
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1.3. Nano-carbon Materials (Nanocarbons)

Nanocarbons are carbon materials in the nanometer scale composed of benzene
hexagons (mainly made of sp?-hybridized carbon atoms) with a very well-defined
geometric patterns and unique repeated decorative design. They are exhibiting gorgeous
properties i.e. electrical conductivity, emitting and absorbing light, thermal conductivity,
acting as hosts to other molecules, in addition to very interesting magnetic properties.
There are many examples for nanocarbons®® for instance, carbon nanotubes, CNTs
hereafter, which discovered in 1991%° (cylindrical shape), fullerene C60 which discovered
was in 1985° (spherical shape), graphene which discovered in 2004% (sheet structure), and
graphite (layered structure) which first named by Abraham Gottlob Werner in 1789%3,

According to their dimensional structure, nanocarbons can be classified as follows: 0D
structure i.e. fullerenes, 1D structure i.e. CNTs, 2D structure like graphene and graphene
nanoribbons (GNRs), and 3D structure i.e. Mackay crystals or graphite structure (Fig. 8). It
is worthy to mention that, CNTs and GNR aren’t considered as structurally pure molecules
as they were synthesized with some defects in their structure®5°52,

There are many forms, or allotropes, of carbon, of which graphite and diamond are the
most popular naturally occurring and thermodynamically stable. Such kinds of these
allotropies have immensely different alignment of carbon atoms which has a great effect on
the properties of the carbon based-materials. Discovering of nanocarbons has opened the
gates towards novel and advanced technologies. Since they have unique properties, so
nanocarbons can be used in extensive applications in the field of material science i.e.
electronics, organic bioelectronics and bio-imaging, giving a promising and unexpected

15



outcome™®. In this thesis since the supramolecular structures of some organic molecules on
some nanocarbon surfaces like CNTs and highly oriented pyrolytic graphite (HOPG
hereafter) have been studied, so structure and properties of CNTs and HOPG will be

discussed with more details.

oD <«<—> 1D

000

SssseseaTTSe
9000010001108

Mackay crystal Graphite

Figure 8. Types of nanocarbons which classified based on their dimensionality i.e.
fullerenes, carbon nanotubes, graphene, Mackay crystals and graphite which representing
0D, 1D, 2D and 3D structures of nanocarbons, respectively. Adapted by permission from

Macmillian Publishers Ltd: Nature Reviews Materials, copy right 2016°.
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1.3.1. Highly Oriented Pyrolytic Graphite (HOPG)

Usually the typical structure of natural graphite is deficient due to abundance of defect
and the presence of some impurities. Therefore in order to prepare almost ideal and perfect
structure of graphite; there are some special preparation techniques have been developed to
achieve that purpose. One of the most common and effective technologies is organic
compounds pyrolysis. With a view to approach an ideal structure of graphite, according to
the graphite nature, annealing at higher temperatures and longer times is needed to
minimize the structure defects and mosaicity of the material.

HOPG is highly ordered form of high-purity pyrolytic graphite which produced by
annealing (at very high temperature around 3000 ° C) of pyrolytic graphite under very high
uniaxial pressure. As a result, graphite will be obtained with a very well crystallographic
orientation. Since the defects, mosaicity and granular structure of graphite are mainly
depending on the annealing parameters, so based on the deformation percent and annealing
temperature and time, graphite can be produced with diverse mosaic diffusion, defects
amounts and granular structures. As a standard, HOPG production companies should take
in consideration the correlation between mosaic spreads, defects and granular structures®.

HOPG has a lamellar structure composed of multilayered stacked parallel graphene
planes which attached together by n-n stacking. Each graphene sheet composed of network
of carbon atoms covalently linked forming hexagons. The hexagonal lattices of two
successive graphene sheets are arranged as ABAB stacking. The distance between two
adjacent carbon atoms in the same plane and between three neighboring carbon atoms (C—

C-C) equals 1.42 and 2.46 A, respectively, however the distance between two successive
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graphene planes equal to 3.35 A (Fig. 9). As the interaction between carbon atoms within
one graphene plane (covalent bonding) is much stronger than the interactions between the
adjacent planes (i.e. Van der Waals forces); this elucidates the distinctive cleaving behavior

of graphite®*.

@® LUpperlayver (A)

® Lower laver (B)

0.142nm

Figure 9. Schematic representation of HOPG structure which formed from alternative
successions of graphene layers as ABABAB... structure attached via n-m stacking. The
distances between two neighboring carbons, and between three adjacent carbon atoms equal
1.42 and 2.46 A, respectively, however the distance between two successive graphene

planes equal to 3.35 A.

HOPG is used as one of the most common substrates in scanning tunneling microscopy
(STM) measuments due to its relatively high stability, so it can be used under a wide
variety of conditions i.e. under ambient conditions, under high vacuum, under high
temperatures and using different liquid environments. In addition to its smooth, flat,
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uniform and renewable surface which can be straightforwardly obtained by simple cleaving.
Consequently, HOPG can be used in very wide range of applications especially in
electronics, biomaterials and catalysis.

1.3.2. Carbon Nanotubes (CNTs)

1.3.2.1.  CNT Discovery and Classifications

Historically during the synthesis of fullerene via arc discharge method, lijima had
discovered for the first time multi-walled carbon nanotubes (MWNT) in 1991; directly after
two years, he also succeed in generating single-walled carbon nanotubes (SWNT) in
1993°%%5, Carbon nanotubes are hollow seamless cylindrical shaped tubes of sp? carbon
atoms, with radius of some nanometers and a few micrometers in length®®.

Since it is well known that graphite consists of many basal planes of carbons called
graphene, CNTSs also can be composed either from single graphene sheet or multi-layered
graphene sheets. Based on how many graphene sheets from which carbon nanotubes can be
formed; CNTs can be classified into three categories, single-walled carbon nanotube
(SWNT) if the tube consists of one rolled-up graphene sheet, double-walled carbon
nanotubes (DWNT) which composed of two rolled-up graphene layers, and multi-walled
carbon nanotubes (MWNT) which formed from multi-cylinders of graphene (more than
two) and have the “Russian doll” configuration. This can be shown in Fig. 10, in which the
three types are identified. Generally the lengths of all the types can be extremely varied
based on the synthesis methods, usually the tube lengths are in the microscopic scale rather

than the nanoscopic one.
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SWNT
DWNT
MWNT

Figure 10. Classification of carbon nanotubes based on the number of rolled-up graphene
sheets; single-walled carbon nanotube (SWNT) marked by red, double-walled carbon
nanotubes (DWNT) marked by blue and red, and multi-walled carbon nanotubes (MWNT)

marked by red, blue and gray. Adapted by permission from copy right 2005 Wiley®’.

1.3.2.2. CNT Properties and Applications

As they have a unique structure and extraordinary intrinsic properties i.e. structural,
mechanical, and electronic properties, CNTs are one of the most commonly effective
building blocks in the field of nanotechnology. CNTs seems an excellent materials as they
possess thermal conductivity better than all but the purest diamond, very high electrical
conductivity with the ability to carry much higher current (due to the high carrier mobility
they can produce a streams of electrons very efficiently) than copper, and they have a
remarkable tensile strength higher than steel. Therefore, they are stronger than steel, harder
than diamond, higher electro-conductive than copper, and higher thermo-conductive than

diamond®8.
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Due to their adorable and remarkable properties i.e. high surface area, chemical
stability, unique electronic and physical properties, high electrical and thermal conductivity,
CNTs are being used in a wide potential applications in many fields for instance, nano
electronics, microelectronics, molecular electronics, optoelectronics, sensors, energy
storage materials, gas storage materials, catalysis, polymer reinforcements, composite
materials, nano-biotechnology, and nano-medicine. Consequently, they become one of the
most attractive materials in the field of nanotechnology®®-2.

1.3.2.3.  CNT Synthesis

In general there are three main different processes through which carbon nanotubes can
be synthesized, usually CNTs can be produced by arc discharge of graphite, laser ablation,
or gas-phase catalytic growth from different carbon sources and carbon monoxide. The
produced raw materials usually contain nanotubes mixed with some impurities like
amorphous carbon and catalytic metal particles. Of course these processes are frequently
varied with respect to the produced nanotube type, purity, quality and scalability®. The first
process is arc discharge method (AD); by this method lijima® accidently succeed in the
discovery of carbon nanotubes during fullerene synthesis. After that discovery within a few
years another two new methods have been introduced known as laser ablation (LA)® and
chemical vapor deposition (CVD)® as well as some more recent methods operating using
high pressure of the carbon monoxide or some unique catalytic mixtures. . In arc discharge
and laser ablation methods high temperatures are being used, on the other hand CVD
method can be proceed at relatively lower temperatures. Each method, along with its

advantages and disadvantages, will be discussed in more details in the following part.
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Figure 11. Schematic representation for carbon nanotubes synthesis methods a, Arc

discharge b, Laser ablation ¢, Chemical vapor deposition.

1.3.2.3.1. Arc Discharge (AD) Method

In this method an arc is originated in between two electrodes made from graphite rods,

where the two rods are placed in closed system filled with an inert gas i.e. argon or helium

or nitrogen, at low pressure. Typically the anode is often filled with a catalyst, and it should

be smaller in size than the cathode, as a consumable electrode. By approaching anode to

cathode an arc is struck and the anode is being evaporated and deposited upon the cathode

surface. After depressurizing and cooling the interaction chamber, the CNTs along with by-

products can be collected from the cathode surface. A schematic representation of the

experimental setup is shown in Fig. 11a. This method is suitable for producing SWNT,
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MWNT and sometimes bundles of SWNTSs, with a conversion yield up to 60 % %. Many
factors can effect on this method for instance, the arching current, the temperature, the inert
gas type and the gap between anode and cathode.

1.3.2.3.2. Laser Ablation (LA) Method

In 1995 Smalley and his coworkers for the first time have used the laser ablation
method for synthesizing CNTs®. In this method a metal-graphite composite target rod is
placed inside a tube furnace, and then ablated by an intense laser beam in the presence of an
inert gas like helium or argon (as a carrier gas), resulting formation of carbon nanotubes.
During the process the carbon target rod is preheated at 1200 °C in the furnace, and then
struck by an intense laser beam. As the surface temperature of the rod rises up to be
6000 °C (after being struck by the laser pulses), carbon vapor formed around the rod
surface, and these carbon species is carried via the inert gas flow, to be condensed and
deposited on the copper collector surface. After cooling down the chamber, CNTs and other
carbon species can be collected. A schematic representation of the process setup is
illustrated in Fig. 11b. Some parameters should be controlled to give the high yield of
CNTs like the furnace temperature and flowing rate of the inert gas®’.

The two previous methods (arc discharge and laser ablation) are no longer used
nowadays as they need very high temperatures to be processed, as a result the carbon
sources are often evaporated, in addition to the resultant CNTs are structurally disordered
(containing many structure defects), sometimes short (due to the short time of the

processes), with high contents of impurities so high purification techniques are needed.
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1.3.2.3.3. Chemical Vapor Deposition (CVD) Method

Compared to the previous methods, CVD is a low temperature method for producing
CNTs, in which the carbon source is thermally decomposed producing the carbon species
and CNTs in ultimate. This method can be processed using template (like aluminum oxide)
or substrate (like Si-wafer, metal foils, quartz glass), in the presence of catalyst. Wide range
of carbon sources can be used in this process for instance; normal hydrocarbons i.e.
methane, ethane, propylene, also carbon monoxide can be also used as a carbon precursor.
Many types of catalysts are often used in CVD method; the most popular among them are
transition metals and some of their carbonyl complexes i.e. Fe, Co and Ni. The CVD
temperature mainly depends the carbon precursor type, the general range of CVD
temperature is in between 700 — 1300 °C for producing good quality of CNTs. The
schematic experimental setup of CVVD method is explained in Fig. 11c, at first the substrate
or template covered with the catalyst is inserted into tubular oven, heated to the desired
temperature. At the desired temperature, mixture of the carrier gases and carbon sources are
introduced to the oven. By cooling down the oven to room temperature, a good quality
CNTSs can be obtained through this method®'-°.

Although CVD method is often produced a good quality CNTSs, but there is some
limitations regarding broad distribution of the tube diameter and length, therefore there are
some modified CVD methods have been reported to overcome that limitations of normal
CVD method. Some of these methods are water assisted chemical vapor deposition

(WCVD)", hi-pressure carbon monoxide method (HiPCO)"*"?, and CoOMoCAT method”3.
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In water assisted chemical vapor deposition method CNTs can be grown up to a
millimeter length, so it is a unique method. It is almost same as normal CVD method but
with one modification, during the synthesis in addition to the synthesis components
(hydrocarbon, argon and hydrogen gas, catalyst and substrate), a small amount of water
vapor is supplied to that mixture. However the change is trivial but it very substantial to
keep the catalyst activity for longer time, so the CNT growth will be continue for longer
period. The catalyst activity and refining can be preserved by using water as a weak
oxidant®”. There are some research groups have reported this process in growing SWNT
and MWNT, and also for tuning the CNT diameter and morphology®"4.

Another intrinsic method for producing very high quality CNTs is the high pressure
carbon monoxide process or HiPCO. In this process after heating the oven to 1100 —
1300 °C, a mixture of carbon monoxide gas and iron pentcarbonyl [Fe(CO)s] is pumped to
the oven. Small iron nanoparticles are produced from the iron complex cracking and
interacting with the gas to produce very high quality, low structurally defected, highly
selective SWNTSs. The resultant SWNTSs produced by HiPCO with purification yield up to
90 % .

In 2002 kitiyanan”® and his coworkers reported one more method for CNTSs synthesis,
known as CoMoCAT. In this method carbon monoxide along with unique catalyst mixture
of cobalt and molybedenum are used to produce very high purity CNTs. Throughout this
process carbon monoxide is thermally decomposed at 700 — 950 °C into carbon dioxide and
simple carbon. The main advantage of this process is high purity level and prohibition of

by-products of the resultant CNTSs.
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1.3.2.4. Growth Mechanism of CNT

There are two possible mechanisms for growing CNTs; the first one is known as tip-
growth (Fig. 12a), in which a bulk diffusion is occurred where the metal particles are
located at the tip of the CNTSs, however in the second mechanism which known as base-
growth (Fig. 12b), the metal particles are located at the base of CNTSs, therefore a surface
diffusion is occurred. In the tip-growth, the metal particles detach from the substrate
surface, and remain on the top of the growing nanotubes. On the other hand, in the base-
growth, the metal particles remain attached to the substrate surface and the nanotubes grow
upwards from the metal particle surface®. Another important factor which mainly
determines the mechanism type is the metal-support interaction strength, where CNTs can
grow via the base-growth mechanism as a result for strong metal-support interaction, or via

the tip-growth mechanism due to weak metal-support interaction.
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Figure 12. Growth mechanisms for CNTs a, tip-growth mechanism b, base-growth

mechanism. Adapted with permission of the Royal Society of Chemistry®°.

1.3.25. SWNT Functionalization

The chemical modification of CNTs by interacting with something else i.e. organic
molecules or surrounding polymer and so on, is known as functionalization. There are
many approaches through which SWNT can be functionalized in both molecular and
supramolecular chemistry; for instance, defect functionalization, covalent sidewalls
functionalization, non-covalent exohedral functionalization (i.e. formation of
supramolecular adducts with surfactants or polymers or some organic molecules), and

endohedral functionalization with for example, Cso.”®

o
MM
it

AN Al
1 s
Sl
A=

Figure 13. Functionalization possibilities for SWNTSs a, defect-group functionalization b,

covalent sidewall functionalization c, non-covalent exohedral functionalization with
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surfactants d, non-covalent exohedral functionalization with polymers e, endohedral
functionalization with, for example, Ceo. Adapted by permission from copy right 2002
Wiley™.

As it is clearly appeared from Fig. 13, CNTs can be functionalized mainly by two
broad approaches, covalent and non-covalent (supramolecular). Although, covalent
functionalization of CNTs has been widely investigated and yield a wide variety of
modified nanotube structures conjugated with both small molecules and polymers, but
some covalently modified-SWNTs aren’t suitable to be used in some applications which
based on the high conductivity or mechanical strength of SWNTs. This is because the
covalent functionalization strategy significantly disorganizes the conjugated pi-system of
the CNT; consequently, result in spectacular alternations in its electronic and structural
properties. On the other hand, the non-covalent functionalization includes molecular
adsorption on the tube surface via pi-stacking or Van der Waals interactions with pi-
conjugated sidewall of the tube. As a result, this strategy can maintain both the electronic
and structural impartiality of SWNTSs, allowing the employ of both conductivity and
strength properties in definitive application, and this is the richness and power of
supramolecular approach’®.

In this thesis, SWNT is non-covalently functionalized by some porphyrins via non-
covalent interactions i.e. Van der Waals interactions and =-x stacking, allowing us to study

some important properties of the eventual complex.
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1.3.2.6. SWNT Chirality

1.3.2.6.1. (n, m) Indices Chirality

Since SWNT cylindrical structure can be simply identified as a rolled up graphene
sheet, so the structure can be defined by a roll-up vector Cp; this vector is given as Cp=.
nai+ maz, where a; and a; are the unit vectors of a 2D-graphene sheet, however n and m
are integers and are referred to the roll-up index (n,m) and/or Chiral index, whilst Cy is
referred to Chiral vector’”’®. The electronic and optical properties of SWNTs are mainly
depend on their structures, in other words mainly depends on (n,m) values’®®°.

CNTs properties are mainly depend upon three important structural parameters; tube
diameter, (n,m) indices chirality, and handedness chirality (this kind of chirality exits only
in chiral CNTs which define right- and left-handed helical structures of SWNTSs, the
handedness chirality will be discussed in details later), where diameter is the geometrical
dimension of the tube, chirality or chiral angle (6) is the angle by which the hexagon
structure can be rotated along the main axis of the tube . Based on (n,m) chirality, the chiral
angle, and rolling up direction of the honeycomb structure; SWNT can be classified into
three types i.e. armchair (n,n) wheren =m & 6 =30 °, zigzag (n,0) wherem=0 & 0 =
0 ° and chiral CNTs (n,m) where n #m & 6 =0 ° to 30 °. This is can be clearly illustrated
in Fig. 14.

On the basis of the hexagon orientation with respect to the main axis of the tube, the
three types can be readily distinguished. The chiral angle (6) value will reflect the
honeycomb orientation. In armchair and zigzag types at least one c-c atom in the hexagon

will be either parallel or perpendicular to the tube axis. This type of chirality is always
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described by two integers placed between two brackets (n,m). Based on n, m and chiral
angle (0) values, one can easily identify the CNT type. i.e. armchair (n,n) wheren=m &
6 =30 ° or zigzag (n,0) where m=0 & 6 =0 ° or chiral (n,m) wheren #m & 6 =0 °to
30 °. Furthermore, those indices can uniquely determine whether the CNT is metallic or
semiconductor, as well as its band gabs, when n — m = 3l, then it will be metallic CNT,

whilst CNT will be semiconductor if n—m =3I + 1, where | is integer.

Zigzag
(n,0) m
A‘W
left-handed
**s Chiral U
(n, m) p
right-handed

C,=na; + may = (n, m) (n, n)

Figure 14. Rolling-up of graphene sheet along the roll-up vector Cy using two unit vectors,
a1 and a2 and chiral angle (6), which lead to three different types of CNTs i.e. armchair
(n,n), zigzag (n,0) and chiral (n,m). The M and P handedness chirality (which define left-

and right-handed helical structures of SWNTSs) of chiral CNTs is also visualized by rolling

up clockwise, indicated as m and anticlockwise, indicated by U, respectively.

Adapted by permission from copy right 2005 Wiley®’.
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1.3.2.6.2. Handedness Chirality

Even after Strano®! stated that in order to define carbon nanotubes structures, a
systematic nomenclature should be sought; the stereochemistry of carbon nanotubes® and a
new methodologies for Sorting, separating and extracting DWNTs® and SWNTs® based on
the handedness using chiral biological molecules®®, chiral diporphyrin nanotweezers®®-92,
chiral dipyrene nanotweezers®, chiral nanocalipers®*®, chiral monoporphyrin®, different
metalloporphyrins®’, chiral polymer wrapping®, or by electron diffraction®® have been
widely studied.

Since SWNT cylindrical structure can be defined by the chiral vector Cy, considering
that the meaning of ‘“chiral” here isn’t proportionate with the fundamental meaning
identified by International Union of Pure and Applied Chemistry (IUPAC) which is “the
geometric property of a rigid object of being non-superposable on its mirror image”%;
despite that the chiral molecules should contain optically active centers; the molecules
which don’t have optically active centers might have an axial chirality. One sort of axial
chirality is helicity or helical chirality or handedness chirality; which represents right- and
left-handed enantiomers. The later type of chirality presents in some biological molecules
i.e. amino acids, where these molecules can be found in two forms right (R) and left (L)
mirror image structures®®,

Carbon nanotubes (CNTSs) belong to the latter kind of handedness chirality, as they can
be formed in two ways; either right or left handed helix cylindrical shapes. Except
Armchair and zigzag structures (as they don’t have their non-superposable mirror image);

all the SWNTs have a helical chirality®*°:192 P (plus) and M (Minus) terminology would

31



be used to define right- and left-handed helical structures of SWNTs (Fig. 14),
respectively®2. Although (n,m) indices of SWNTs can be identified using spectroscopic
techniques, such as UV-Vis.,, Raman, and photoluminescence (PL) spectroscopy, the
identification of handedness chirality (P, M) of SWNT is not established yet. In this thesis,
we are focusing on investigation of the absolute handedness chirality of SWNT and its
effective role on the alignment of organic molecules on its surfaces, using scanning

tunneling microscopic (STM) technique.
1.4. Scanning Probe Microscopy (SPM)

Scanning probe microscopy (SPM) is one of the foremost substantial and effective
tools which are used for imaging, measuring, characterizing and manipulating matter in the
field of nanotechnology and material science. SPM is microscopic branch by which images
of surfaces can be obtained, using a physical probe that can scan the specimen surface. The
exceedingly common types of SPM, is atomic force microscopy (AFM) and scanning
tunneling microscopy (STM).

1.4.1. Atomic Force Microscopy (AFM)

AFM is a very high resolution of scanning probe microscope. It scans within a fraction
of a nanometer. Using of a probe allows obtaining resolution higher than optical diffraction
limit. Atomic force microscope is misleading name since it does not actually see the surface
but rather feels the surface; i.e. the information is gathered by "feeling” the surface with a
mechanical probe. AFM works by measuring atomic forces, such as mechanical contact

force, Van der Waals forces, capillary forces, chemical bonding, electrostatic forces,
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magnetic forces and other atomic forces. Most common use is still to analyze how the
surface looks like.

A cantilever that has a very small probe (tip) which interacts with the atomic surface, a
laser is focused on the tip, a photodiode to which a light is reflected. Piezoelectric (PZT)
components are used to either move the stage or the cantilever in x, y and z directions.
When the tip is brought into a sample surface, forces between the tip and the sample lead to
a deflection of the cantilever according to Hooke's law (F= kX). Typically, the deflection is
measured using a laser spot reflected from the top surface of the cantilever into an array of
photodiodes. AFM, like a record player, moves the tip across the surface. PZT are used to
either move the platform or the cantilever. PZT on a cantilever allow motion in z direction
useful for contact scans. The tip is usually made of silicone or silicon nitride, and is on
scale of several nanometers. The laser is used to measure change in force on the tip or the
vibration of the tip. Another part of most AFM is a feedback system that interprets all the

data and prevents the tip from crashing and breaking.
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Figure 15. Schematic representation of atomic force microscope components and working

mechanism by detecting the laser beam deflection.

There are two basic scanning modes for AFM; dynamic and static modes. In static
mode, also is known as contact mode, the force is kept constant while height above the
sample changes. So in static mode the z coordinate changes to keep the force constant. This
mode gives good, high resolution results but have some disadvantages. First it is slower
than dynamic mode; because the tip has to be lowered till the desired force is reached, like
trial and error method. Second disadvantage is that it is easier to break the tip, especially on
rougher surfaces. The atomic forces are very strong when tip is near the surface and may
cause tip to crash into surface and break. So static, constant force, mode is slower and has a
risk of damaging the tip and the surface, but gives high quality results. However, in
dynamic mode (tapping mode) the tip isolates at its, or close to its, resonance frequency.
The atomic forces from the surface change the frequency, computer analyses the data
allowing measuring the force. Dynamic mode is faster and safer because the tip does not
come too close to the surface, like in static mode.

The data from both dynamic and static mode can be used to find the shape of the
surface. Static mode uses z coordinates data and keeps force constant. In dynamic mode, z
coordinate is constant and the changes in oscillation frequency are used to find the force.
Also in both cases PZT is used to move the cantilever over the surface and to move it into z
direction or to oscillate the cantilever. Laser is used to measure the changes in oscillation

frequency or to measure the force on the tip.
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1.4.2. Scanning Tunneling Microscopy (STM)

Since, G. Binnig and H. Rohrer!®1% had performed the first scanning tunneling
microscope (STM), which provided the first observation of vacuum tunneling between a
sharp STM tip and the (110) surfaces of CalrSns and Au; STM became the most
appropriate tool for manipulating and imaging such kind of these supramolecular structures
and interactions of different organic molecules with different types of large flat surfaces
whatever metallict?®1 or nanocarbon materials!*2’, as well as curved surfaces too!8119,

Generally it is a vital and indispensable technique in the nanoelectronics and surface
science research fields'?®1?’ as by using STM the vacuum tunneling between the
conductive tip and conductive surfaces can be observed with this tunneling effect atoms
could be distinguished in real space. In addition to the atomic resolution imaging capability
of STM, tunnel currents could be studied with this tool in a spectroscopy manner providing
insight into the local density of state (LDOS) of material surfaces.

STM is based on a quantum mechanical phenomenon, called tunneling (The tunnel
effect, describes the ability of an electron to tunnel through a vacuum barrier from one
electrode to the other). In quantum mechanics, small particles like electrons exhibit wave-
like properties, allowing them to “penetrate” potential barriers. In general, STM involves a
very sharp conductive tip that is brought within tunneling distance (sub-nanometer) of a
conductive sample surface, thereby creating a metal-insulator-metal (M-I-M) configuration.
In the representation of one-dimensional tunneling (Figure 16a), the tunneling wave of the
sample electrons, ¥s, and the wave of a STM tip electrons, ¥z, overlap in the insulating gap

(vacuum level) , allowing a current to flow?!20:128-134
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Figure 16. a, Schematic of STM one-dimensional tunneling configuration, where ¥s is the
tunneling wave of the sample electrons, and ¥t is the tunneling wave of a STM tip

electrons b, Schematic of a metal-insulator-metal tunneling junction at zero bias voltage.

To achieve some understanding of the physical meaning of the wave-function ¥, we
consider the square magnitude of it, which represents the probability of finding an electron
at a given location. Generally, this is visualized with electron clouds for atoms or molecules,
or for condensed phases with energy levels, as illustrated with the gray shaded areas in
Figure 16b. In metals, electrons fill the continuous energy levels up to the Fermi level, Et,
which defines an upper boundary, similar to the sea level. Above Er we find electrons that
are activated (e.g., thermally). We can raise the Fermi level (e.g., of the sample) in regards
to a second material (e.g., tip) by applying a voltage. The tunneling current between a
metallic tip and a metallic surface is proportional to the surface local density of states
(LDOS) at the Fermi level, Ey, evaluated at the location of the tip.

Thus, to observe the tunneling current (I) of electrons through the vacuum gap between
the sample and the tip, a bias voltage, Vbuias, IS applied, as shown in Figure 17. This Figure

illustrates the energies of the adsorbate states need to be placed with respect to the energies
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of the substrate surface states. In addition to, the frontier orbitals of the molecular adsorbate,

i.e., the highest occupied molecular orbital, HOMO, and the lowest unoccupied molecular

orbital, LUMO?34,

d, Applying negative sample bias b, Applying positive sample bias
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Figure 17. Schematic representation of the energy diagram for an STM junction when
applying negative or positive sample bias as in a and b, respectively. The position of
molecular frontier orbitals (HOMO and LUMO) and Fermi levels of substrate (Es) and tip
(Et) are indicated. While molecular energy levels are broadened and shifted due to
electronic coupling (I') to substrate states (and other phenomena), their approximate

position can be evaluated by pinning the vacuum level of the isolated molecule to that of

the substrate.
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The Fermi level of the substrate and the HOMO of a free molecule are referred to the
vacuum level by the work-function, @, and ionization potential, IP, respectively. However,
a quantitative treatment will have to take into account shifts (and broadening) of energy
levels due to effects such as the electronic coupling, I', between adsorbate and substrate
states, the presence of any solvent (typically lowering the energy of ions), and the electric
field in the vicinity of the STM tip*34,

When the surface adsorbate exhibits electronic states near the Fermi level (i.e., for a
moderate HOMO-LUMO gap), then individual molecular orbitals may dominate in the
mediation of the electron transmission. At Vpias = 0, the electrons can’t flow in either
direction since the Fermi level, Es, of both the tip and the sample is equal i.e. the gradient is
zero. For negative sample bias Vbias < 0, the Fermi level of the sample is raised by Vbias,
therefore electrons from filled surface states tunnel to the tip. As illustrated in Figure 17a,
mediation of this process is dominated by the HOMO of the adsorbate, if the HOMO is
situated near the Fermi level. Conversely, electrons tunnel from occupied state of the tip
into empty surface states for positive sample bias Vuias > 0. As illustrated in Figure 17b, the
LUMO may play a dominant role in this case if it is located near the Fermi level. Thus,
with appropriately chosen bias voltages STM images can reveal the shape of individual

molecular orbitals!®*,
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Chapter II. First Observation of Handedness Chirality of P- and
M-Single-walled Carbon Nanotubes using Scanning Tunneling

Microscopic Images

2.1. Introduction

In order to identify the structure of single-walled carbon nanotubes (SWNT); (n,m)
indices are usually used. Since the cylindrical structure of SWNT can be simply identified
as a rolled up graphene sheet, so the structure can be defined by a roll-up vector Cp; this
vector is given as Ch= nai+ map, where a; and az are the unit vectors of a 2D-graphene
sheet, in which n and m are integers and are referred to the roll-up index (n,m) and/or chiral
index, whilst C is referred to chiral vector. The electronic and optical properties of SWNTs
are mainly depend on their (n,m) values!*. However, (n,m) indices are not sufficient for the
identification of SWNT in some structures. That is helicity or handedness chirality; which
represents right- and left-handed enantiomers. This type of chirality presents in some
biological molecules i.e. amino acids, where these molecules can be found in two mirror
image structures®. SWNTSs also can be formed in two ways; either right or left handed helix
cylindrical shapes. Except SWNTSs whose terminals have armchair and zigzag structures, as
they do not have their non-superposable mirror image, all the SWNTs have handedness
chirality. P and M terminology would be used to define right- and left-handed helical
structures of SWNTSs®, respectively (Fig. 1). This can be further explained using tube vector
lines; as each SWNT contains these lines which represented using the arrows I, 1l and I11 in
Fig. 1. If two of these lines are rotated towards the right however the third one to the left,
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the chiral SWNT is known as P type. Similarly, when the SWNT has two lines rotated to

the left and the third is to the right, it is termed as M.

i - M
y handed

P and M (6, 5)- Chiral SWNTs

Figure 1. Definition P and M stereoisomers of (6,5)-SWNTSs. The solid arrows I, Il and 111

represented the vector lines, however the black dotted line is the SWNT axis.

Although (n,m) indices of SWNTSs can be identified using spectroscopic techniques,
such as UV-Vis., Raman, and photoluminescence (PL) spectroscopy, the identification of
handedness chiralities P, M of SWNTSs is not established yet. This is mainly because of the
difficulty of isolation of pure P and M handedness chiral SWNTSs heretofore. In previous
reports, we have succeeded to isolate almost pure P and M handedness chiral SWNTSs using
chiral organic molecules. Their P and M handedness chiralities were indirectly determined
based on the stability of the SWNT-organic molecule complexes as calculated by using

molecular mechanics’®.
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If the handedness chirality can be observed directly by scanning tunneling microscopy
(STM), it can provide conclusive assignment. However it is not easy because the spacial
resolution of STM to observe the curved surface of SWNTSs is not enough to determine
handedness chirality. Another possible way to observe the handedness chirality of SWNTs
is utilization of supramolecular structure of organic molecules on the SWNT surface. Since
the supramolecular structure of simple organic molecules like n-alkanes on highly oriented
pyrolytic graphite (HOPG) can be predicted easily as shown in Figure 6a (Groszek Model)®,
similar rules can be applied for supramolecular structures on SWNTs curved structures.
Unfortunately, n-alkanes did not give stable supramolecular structures on the SWNTSs we
used here. Based on the previous studies using SWNTs / porphyrin polymer system for
imaging and electronic property measurements by point-contact current imaging atomic
force microscopy (PCI-AFM)™°, as well as fabrication of porphyrin molecular nanodevices
wired using SWNTs!, we consider porphyrin as the anchoring group to make stable
supramolecular structure on SWNT curved surface.

In this study, we displayed the handedness chirality dependent supramolecular
structures of 5,15-bisdodecylporphyrin (C12P, Figure 2) on mainly P-, M-(6,5) SWNT
surfaces in the aim to discuss the handedness chiral structure of these SWNTSs. Based on
our best knowledge this is the first article describing supramolecular structures of organic

molecules on the handedness chiral SWNT surfaces, and discussing their absolute chirality.
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et 3.7 nm |

Figure 2. Chemical Structure of 5,15-bisdodecylporphyrins (C12P).

2.2. Experimental

All the reactions were performed in anhydrous solvents under nitrogen atmosphere
using well-dried glasswares in an oven at 90 ° C before using. Porphyrin was synthesized
under dark conditions. All the solvents i.e. dichloromethane, chloroform and hexane were
dried and distilled using molecular sieves 4 A. Column chromatography was performed
using silica-gel (spherical, neutral, 63-200 um, Kishida Chemicals Co., Ltd.). HOPG was
purchased from Alliance Biosystems, Inc. (Spi - 1 Grade 7x7x1 mm). 1- Tetradecane was
obtained from Aldrich with a grade (99%) and used as it is. Other chemicals and solvents
were of reagent grade and used without any further purification. *H NMR was carried out
on a JEOL 400 and 500 MHz NMR spectrometers. Chemical shifts were given by ppm and
all the signals were adjusted using tetramethylsilane (TMS) as an internal standard. Mass
spectra were recorded using a Shimadzu AXIMA-CFR MALDI-TOF mass spectrometer.
UV/Visible adsorption spectra were recorded on a Shimadzu UV-3150 double-beam

spectrophotometer.
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SWNT Treatment

Raw Hipco-SWNTs (from Carbon Nanotechnologies Inc. with diameter 0.8-1.2 nm
and length around 100-1000 nm) were separated by the reported methods’. In which SWNT
were dispersed by tip sonication for 40 min. at 20 ° C, followed by centrifugation at 543000
g for 60 min, after that the dispersed SWNTs (to be extracted) were mixed with
nanocalipers (R or S) in methanol and bath sonicated at 20 ° C for 36 h followed by
centrifugation at 50400 g for 45 h. The resulting supernatant was then concentrated, washed
with THF and pyridine to remove nanocalipers to give solid extracted SWNTs (two
separated types M and P) which kept for the reaction with porphyrin derivatives to give the
final composites.

STM Measurement

The STM observation was performed using BRUKER multimode 8 scanning probe
microscope (SPM) with a special cell for solid — liquid measuments. All the STM images
were carried out in a constant current mode under the ambient conditions. The STM tips
were mechanically cut and formed from Pt/Ir (80 % / 20 %) wire (0.25 mm in diameter).

To investigate the supramolecular structure of porphyrin molecules on HOPG surface,
the compound was dissolved in dry CH2Cl. (~ 0.8 mM). Drops of solution (ca. 5 pL) were
casted onto a freshly cleaved HOPG surfaces and fixed in the cell. The substrate was then
annealed (without annealing stable supramolecular structure can’t be observed) at 60 ° C for
20 - 30 min. and cooled to room temperature. A few drops of 1-Tetradecane were added to
the sample, and then the STM tip was immersed in the solution. In order to induce a
tunneling current, a bias voltage was applied between the tip and sample, to record images
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at solid-liquid interface. Whilst the supramolecular structures of porphyrin / SWNT
composites samples were prepared using simple drop casting technique and then left to dry
at room temperature to be ready for observation. The STM images of graphite surface taken
for the lattice parameters calibration were recorded by decreasing the sample bias voltage
during imaging of the supramolecular structures. Image calibration (flattening to correct the
tilting effect of the substrate, low-pass-filtration to remove high-frequency noise) and unit
cell parameter detection were achieved using SPIP (Image Metrology A/S) and NanoScope
analysis softwares'?.

Synthesis of Compounds

Dipyrromethane (1)

Dipyrromethane 1 was synthesized using reported procedures'®!4. In this method,
paraformaldehyde (3.46 g, 110 mmol) was mixed with pyrrole (200 mL, 2880 mmol) into a
three necked round bottomed-flask. The mixture was degassed and heated at 90 ° C till all
the aldehyde perfectly dissolved. To the resulting mixture, using a micro-syringe,
trifluoroacetic acid (890 pL) was added. After 15 min. stirring to proceed the reaction, the
mixture was treated with ag. solution of NaOH, extracted with ethylacetate (AcOEt) using a
separating funnel. The organic layer was then washed with brine solution and the combined
extracts were dried over Na>SOs. After filtration, the organic solvent and the excess of
pyrrole was removed by vacuum distillation at 70 ° C. n-Hexane was added to the tarry
residue and stirred at 60 ° C for 10 min. The hot n-Hexane extraction was repeated 5 times.
After removing the supernatant liquid by vacuum distillation, the product was purified by
recrystallization from EtOH/H.O (1:1) giving a colorless crystals (8 g, 48 %). 'H NMR
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(400 MHz, CDCl3, 25 °C, TMS): & 7.81 (br s, 2H, NH), 6.65 (m, 2H), 6.15 (q, ] = 2.8 Hz,
2H), 6.04 (m, 2H), 3.97 ppm (s, 2H, CH>).
5, 15-bisdodecylporphyrin (C12P) (3)

We synthesized C12P 3 based on our previously reported method!! with slight
modification (Scheme 1). Dipyrromethane (1.0 g, 5 mmol) was dissolved in degassed
CHCl> (1.1 L) and the flask was shielded from the ambient light. After 20 min from N>
bubbling, tridecanal (0.7 g, 4.7 mmol) solved in DCM (20 mL) was added dropwise to the
solution during 20 min. Trifluoroacetic acid (83 pL) was then added dropwise into the
solution after 10 min. The reaction mixture was stirred for 24 h at room temperature,
followed by addition of p-chloranil (1.7 g, 7 mmol) with a further stirring for 2 h, 3 mL of
Triethylamine (EtsN) were added to neutralize the solution. Then the product was purified
using flash column chromatography (silica gel, Hexane/CH2Cl, = 1:1) and recrystallized
from CH2Cl>/ excess MeOH to give the target compound as a red purple powder (0.3512 g,
23 %) yield. 'H NMR (500 MHz, CDCls, 25 °C, TMS): & 10.16 (s, 2H, meso-H), 9.57 (d, J
=4.57 Hz, 4H, B-pyrrole-H), 9.4 (d, ] = 4.56 Hz, 4H, B-pyrrole-H), 5.01 (m, 4H, CHy), 2.55
(m, 4H, CH>), 1.8 (m, 4H, CH>), 1.26 (m, 16H, CH>), 0.87 (t, 6H, CHz3), -2.91 ppm (s, 2H,
NH). UV/Vis (CH2Cl2): Amax= 410, 504, 535, 577, 632 nm. MS (MALDI-TOF) m/z for
Ca4Hs2N4, [M™] calcd, 646.50; found, 646.50.

Preparation of C12P / SWNT Composite

The porphyrin/SWNT complex was prepared as follows. After dissolving C12P in
dichloromethane, the solution was submitted to ultrasonic bath for 10 min. 0.3 mg of P-
and/or M- chiral SWNTs were added to porphyrin solution, and sonicated overnight. The

60



resulting suspension was left for sedimentation for 2 h. Then the top 5 % of the supernatant
was removed, and the precipitate was filtered by a membrane filter (MILLIPORE) of 0.1
pm mesh. Then rinse with 100 mL CH2Cl, to remove the non-adsorbed porphyrin and dried
in a vacuum desiccator until further utilization. For STM measuments, the powder was re-

suspended in 10 mL MeOH and drop-casted onto HOPG substrate as illustrated in scheme

2.
07 N ) %T. |/.-<-;~Qr--/\\\/)
Tridecanal (2) TFA, CH,Cl, p-Chloranil, TEA /“N HN"\;\_
. b - C12H25_ \\ C12H25
Stirring 1 day Stirring 4 hrs ___.:;jf-_'NIH N;::*..\
under N; at r. temp S
"l’."_ R I _\‘
NN 12 3
\N - ‘\N -~
H H
DPM (1)

Scheme 1. Procedures for synthesizing 5,15-bisdodecylporphyrins (C12P).

Sonication Sedimentation

. Filtration
overnight for 2 hr
—>

+ Rinse with
100 mL CH,CI,

SWNTs
dispersed
in solution
‘>
Chiral SWNTs (P and/or M)
+ C,P Disperse in Drying under
+ CH,ClI, STM MeOH vaccum

measurments -€———

Scheme 2. Procedures to synthesis porphyrin / SWNTs complex.
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2.3. Results and discussion
Supramolecular Structures of C12P on P, M Handedness Chiral SWNTs

Surface observed by STM

Handedness chiral SWNTs were separated by the reported method’. In order to
investigate how the nanotubes/porphyrin interactions are, and how the porphyrin molecules
can be aligned on the CNTSs surface especially chiral nanotubes, to afford a well ordered
supramolecular structures; we performed the following interaction between C12P molecule
and chiral SWNTs. The C12P/SWNTs complex preparation method was duly described in
the experimental section (see scheme 2). Prior to STM observation, small portion of the
composite samples suspension (ca. 0.06 mg in 0.2 mL of MeOH) was casted on HOPG

surface and left to be completely dry and then introduced to the STM machine (Fig. 3).

Tunneling
Feedback]| Current(7)
System |

Tunneling _ |
Voltage (V) =

Figure 3. Schematic representation of constant-current mode STM measuments for

Porphyrin / SWNTs Complexes.
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Interestingly, two opposite supramolecular structures have been found and we assigned
them based on CNTs chirality type as follows. As shown in Figure 4, the supramolecular
structures made by C12P were strongly dependent on the underlying SWNTSs structure. In
the STM images of C12P / P- SWNTs complex elucidated in Figure 4a-f, one can see an
apparent diagonal orientation of C12P molecules to the right direction can be clearly
distinguished. On the other hand, in the case of M-type chiral SWNTs, C12P
supramolecular structure aligned on the opposite direction to C12P / P-SWNTs complex, as
can be shown in Figure 4g-l. These complexes have been formed due to non-covalent
driving forces between CNTs and porphyrin i.e. n-n staking between the two components
which possess a high carrier mobility of delocalized n-electrons. Furthermore the C12P /
SWNTs complex might be stabilized also due to the alkyl-CNTs interaction (molecular-
substrate interactions), or Vander Waals interactions (intermolecular interactions) between

alkyl chains or intermolecular interactions between the neighboring porphyrin cores.
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Figure 4. Typical STM images for supramolecular structures of C12P / P- and M- SWNTSs
complexes on HOPG surface. All images were taken at Vsampie = 0.100 V and I;=0.010 nA.
a, C12P / P- SWNTs complex (40 nm x 40 nm) b, C12P / P- SWNTs complex (50 nm x 50
nm) ¢, C12P / P- SWNTs complex (20 nm x 20 nm) d, C12P / P- SWNTs complex (100
nm x 100 nm) e, C12P / P- SWNTs complex (40 nm x 40 nm) f, C12P / P - SWNTSs
complex (50 nm x 50 nm) g, C12P / M- SWNTs complex (40 nm x 40 nm) h, C12P / M-
SWNTs complex (50 nm x 50 nm) i, C12P / M- SWNTs complex (15 nm x 15 nm) j, C12P
/ M - SWNTs complex (45 nm x 45 nm) k, C12P / M - SWNTs complex (20 nm x 20 nm) |,

C12P /M - SWNTs complex (100 nm x 100 nm).

In order to discuss the absolute handedness chirality of the SWNTSs, further
elucidations were made using the supramolecular structure of C12P on HOPG surface, on
which better resolution of the molecular structure can be obtained and detailed discussion is
possible.

Supramolecular Structures of C12P on HOPG Surface observed by STM.

A highly reproducible ordered pattern of self-assemble monolayer of C12P deposited
from 1-tetradecane onto HOPG surface is observed, forming a distinctive lamellar
structures with a well-defined pattern of bright and dark domains as shown in Figure 5a-c.
The bright areas in the images could be attributed to the porphyrin cores, separated by the
alkyl chains which appear in the dark regions as linear features. The two dodecyl chains are
closely packed, interacted giving regular geometry*>1’. The unit cell parameters were a =

1.05+£0.01 nm, b=2.55+0.02 nm, y=53 £ 8 °.
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Figure 5. STM image of 2D supramolecular structure of 5,15-bisdodecylporphyrin (C12P)
on HOPG-tetradecane interface a, Vsampe = - 1.050 V, It = 0.081 nA, with a unit cell
parameters, a=1.05+0.01 nm, b=2.55+0.02 nm, y =53 + 8 °. b, Vsample = - 1.000 V, It=
0.080 nA. The green arrows accentuate the formation of the second layer in some parts in

the |mage C, Vsample = - 1000 V, |t= 0080 nA.
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The driving forces by which these supramolecular structures may be possibly formed
can be classified into two main types. First, molecular-substrate interaction i.e. interaction
between porphyrin cores and HOPG substrate and/or interaction between two dodecyl alkyl
chains and HOPG surface. The second type of driving forces are intermolecular interactions
i.e. Vander Waals interactions between the alkyl chains, the CH-N interactions between the
porphyrin cores (Fig. 5a and c). In Fig. 5b, it is clear apparently that there are some sites on
which second layer of C12P arrays was formed (marked by green arrows); formation of
second layer supramolecular structures of porphyrin derivatives has been reported by many
researchers!®?9,

The supramolecular structures of the n-alkanes on graphite substrate are usually
described by the Groszek model (Fig. 6a)®?°. As shown in Figure 6a, the interatomic
distance between the two carbon atoms within the repeated three methylene groups (C*H-
CH>-C*Hy) is ca. 0.25 nm, whilst that in graphite (C*-C-C¥*) is 0.246 nm. Because of the
similarity of the distances, usually n-alkanes make stable supramolecular structures along
the lattice of the graphite?>-2* which is defined by the vector made by two carbon atoms of

the repeated units C*-C-C*.
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0.246 nm

0.250 nm

Figure 6. a, Groszek model in which n-alkanes can be aligned along the basal plane of

, Proposed model intended to

-packed lamellar structure b

graphite to display a close

elucidate the geometries of arrays for C12P molecules on HOPG surface in which C12P

can be aligned on graphite to display a close-packed lamellar structure.
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In order to elucidate C12P molecular alignment on HOPG surface, we made STM
images including both the supramolecular structure of C12P and the HOPG surface
underlying the molecules. The measurements can be performed by decreasing the sample
bias during STM imaging of the supramolecular structures, to move the STM tip towards
the HOPG surface, giving images shown in Figure 7a and b. The upper part of the Figure 7
demonstrates C12P molecular layer, whilst the lower part represents the graphite layer
lying under the molecules. From this image it is possible to clarify the HOPG hexagons
beneath the C12P molecules as it is shown using graphite hexagon models. The white dot
lines are parallel to the lattice vectors a and b of C12P. The molecular lattice vector a
reconciles the porphyrin cores in the row; while the molecular lattice vector b corresponds
to the porphyrin cores in the period. The lattice directions of the graphite were indicated by
the white solid arrows.

As shown in Figure 7, the angle between the molecular lattice vector a and the lattice
direction [010] of HOPG is ca. 5 °, that between the molecular lattice vector b and [100] is
ca. 4 °, and that between b and [110] equals to 55 °. If the alkyl chains of C12P align on the
HOPG surface according to the Groszek model, the angle between a and one of the HOPG
lattices should be 0 °. The observed angle ca. 4 ° means C12P is a little bit deviated from
the Groszek model, probably because of the interaction of the porphyrin core with HOPG
surface. The schematic model of the observed structure is shown in Figure 7. Similar
alignments  were  observed for free base and  zinc-5,10,15,20-meso-

tetradodecylporphyrin®>1®, in which two dodecyl tails physisorbed along the main axis of
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HOPG. The results will be very helpful for understanding the supramolecular structures of

C12P on curved surface cases.

Figure 7. STM images for alignments of C12P on lattice of HOPG substrate (Vsampie = -
1.000 V, lt=0.080 nA for the upper image part, and Vsample = 0.100 V, ;= 0.080 nA for the
lower image part). The cell parameters are a = 1.05 £ 0.01 nm, b=2.55+0.02 nm, y =53
8 °. The lattice directions of the graphite were indicated by the white arrows; schematically

models were drawn to elucidate the orientation of C12P molecules.

Molecular Modeling

As an attempting to demonstrate the observed geometries of our molecules on the
surface of chiral SWNTSs, three proposed models were built using P- and M- (6,5) chiral
SWNTs and C12P molecule. The first proposed model (Fig. 8a) in which C12P molecules

are aligned linearly on the vector line | (Type 1), the second one (Type Il) in which the
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molecules are assembled on the vector line 11 forming short helix arrays (Fig. 8b) and the
third model showed that the molecules are aligned in between the vector lines | and Il
giving long helix arrays, which illustrated in Fig. 8c and represented by the green arrow 1V
in Fig. 8d (Type IV). By measuring mathematically the angles made by the molecular
orientations in the directions | and Il with SWNT principle axis (Fig. 8d), they are found

equal 3 ° and 63 ° respectively.

a

7i7id:

-~

~

Complex Complex SWNT Complex
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Figure 8. Proposed models intended to elucidate the geometries of arrays observed in C12P
/ M- and P- SWNTs complexes, based on alignment of porphyrin molecules on which
chiral vector line on chiral SWNTs surfaces. a, molecules are aligned towards the vector
line I (Type 1) b, molecules are assembled towards the vector line 11 (Type Il) ¢, molecules
are assembled in between the two vector lines I and Il which represented by the green
arrow 1V (Type 1V) d, angles made by the molecular alignment with SWNT axis in the

directions I and 1l which equals 3 ° and 63 °, respectively.

Since there are three possible ways for the molecule to be aligned on the tube surface,
we performed some theoretical calculations in order to know exactly which one is the most
appropriate for the molecule to be aligned on SWNT surface from an energetic point of
view and also to provide further understanding into SWNT-C12P interaction mechanism.
DFT Calculations

All the calculations have been employed using density functional theory (DFT)
functionals which involved in Gaussian 09 software?®. Since the main driving forces in
SWNT/C12P conjugates are Van der Waals (VdW) and the fundamental interactions are
long-range non-covalent interactions, therefore local density approximation (LDA) and the
traditional generalized gradient approximation (GGA) functionals can’t be used to measure
such kind of these long-range interactions?®®. Subsequently for more convenient
characterization of the non-local nature of VdW interactions, we performed DFT
calculations using long range corrected functionals i.e. the Minnesota functionals (M05-2X

and M06-2X)?%?" with 3-21G basis set.
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We used an open ended chiral P- (6,5) SWNT modeling with 2.5 nm length, 0.8 nm in
diameter (designed by our group) and composed of 222 carbon atoms and 22 hydrogen
atoms; in addition to porphyrin macrocycle ring which consist of 20 carbon atoms, 4
nitrogen atoms and 14 hydrogen atoms. The length of that CNT model is 2.5 nm which is
totally enough to host the porphyrin core on its surface. In fact we tried CNT modeling with
10 nm and 5 nm lengths in the calculations but unfortunately the calculations were very
difficult to be continued. All the calculations have been done using M05-2X / 3-21G
theoretical level. The frontier molecular orbitals (HOMOs and LUMOSs) and their absolute
energies values in eV of P-(6,5) SWNT, porphyrin molecule and SWNT / Porphyrin

complex are demonstrated in table 1.

SWNT Porphyrin SWNT / Porphyrin
Complex
, u‘ g9
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Table 1. The frontier molecular orbitals (HOMOs and LUMOSs) and their absolute energies
values in eV of P-(6,5) SWNT, porphyrin molecule and SWNT / porphyrin complex,

calculated using M05-2X / 3-21G theoretical level.

Since the energy of formation (binding energy) of the complex (A4Ecomplex) Can be
calculated using the following formula?2°:
AEcomplex = Ecomplex - (EswnT + Epor)
where Ecomplex, Eswnt and Epor. are the corresponding absolute energies of the complex,
SWNT and porphyrin molecule, respectively. The energy of formation of the complex,
HOMO-LUMO energy gab, the closest intermolecular distance between the porphyrin core
and the tube surface (dswntror.), in addition to the angle made by porphyrin molecule with

the main axis of the tube, are being summarized in the table 2.

Distance | Angle made by por. Energy of
Functional/basis HOMO/LUMO _
dswnteor. | With the main axis Formation
set energy gap (eV)
(A) of the tube (°) AEcomplex (€V)
MO052X / 321G 3.05 3.1 13 -5.8

Table 2. DFT calculations summary for SWNT / porphyrin complex, including HOMO-
LUMO energy gab, the separation distance between porphyrin molecule and SWNT surface,
the angle made by porphyrin molecule with the main axis of the tube and the energy of

formation of the complex calculated using M05-2X / 3-21G theoretical level.
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As demonstrated from table 2, the calculation displayed strong exothermal energy of
formation. The intermolecular contact distance is calculated and equals 3.1 A, which is very
similar to the distance obtained for tetraphenylporphyrin (TPP) /Ceo system® which is 3 A
and with TPP/SWNT system®! which is 3.0 <d < 3.3 A . It is worth to mention that the
angle made by porphyrin molecule with respect to the main axis of the tube equals around
13 °, this angle in a quite agreement with the experimentally measured angle of C12P with
[100] lattice direction on HOPG surface (Fig. 7) which equals 4 °.

Figure 9 represents the frontier molecular orbitals of the nanotube, porphyrin core and
SWNT / porphyrin conjugates in which one can see that the frontier orbitals of the complex
are mainly located on the tube surface because the HOMO and LUMO energy levels of the

complex are close to the HOMO and LUMO energies of the nanotube models.
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Figure 9. The HOMO-LUMO plot and the frontier orbital shapes of P-(6,5) SWNT,
porphyrin molecule and SWNT / porphyrin complex, calculated using M05-2X functional

with 3-21G basis set.

Very magnificent findings have been interestingly obtained through the calculations
which were depicted in Figure 10. After structure optimization the main axis of the tube has
become x-axis instead of z-axis, on the other hand the porphyrin ring is aligned on y-axis,
tilted towards the right direction, with angle equal 13 ° with the main axis of the tube
indicating that porphyrin alignment on the tube surface has been affected by the handedness
chirality of SWNT as demonstrated in Fig. 10b. Additionally the porphyrin molecule was
bent towards the tube surface (with intermolecular distance dswntror. = 0.3 nm) taking

chips shaped like structure or saddle structure (Fig. 10a).
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Figure 10. Optimized geometric structure obtained for the non-covalent interaction of P-
(6,5) SWNT / porphyrin complex. a, The porphyrin molecule was bent towards the tube

surface (with intermolecular distance dswnpor. = 0.3 nm) taking chips shaped like structure.
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b, After structure optimization the main axis of the tube has become x-axis instead of z-
axis, and the porphyrin ring was tilted by angle equal 13 ° towards the right direction, with

the main axis of the tube.

For consideration which model (Type I, Il or II1) is the most appropriate for C12P
molecule to be aligned on SWNT surface and also to clarify SWNT/C12P interaction
mechanism, we deducted that C12P molecules should be aligned near to the lattice vector |
(Type 1) presented in Fig. 8a as they are some evidences for that i.e. firstly in this model
(Type 1) C12P molecules with its alkyl chains are lying flatly and typically oriented
towards the right and left directions showing the substantial SWNTs handedness chirality
effect which almost matching with experimental results. Secondly there is a quite
agreement between the calculated angle (mathematically) in between the main axis of the
tube and [100] lattice direction (lattice vector 1) which equals 3 ° (Fig. 8d) and the
calculated angle (from DFT calculations) made with the principle axis of the CNTs, by
which porphyrin molecules are aligned on the tube surface which equals around 13 ° (Fig.
10b), and the experimentally measured angle of C12P with [100] lattice direction on HOPG
surface (Fig. 7) which equals 4 °, consequently C12P molecules probably can be aligned
near to [100] direction on SWNT surface obeying to Groszek model (Fig. 6 and 7) with a
little bit deviation due to the interaction between the porphyrin cores and the SWNT curved
surface.

Therefore once the alkyl chains are physisorbed and hence closely packed linearly

and flatly on the basal plane of graphite or SWNT surfaces, leading to that all the inner
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methylene (CH2) groups face each other in order to maximize the interdigitation of the
alkyl chains, this is will be very helpful in their lateral interaction in order to improve the
structure stabilization. Accordingly, C12P molecules can form a well-ordered
supramolecular structure on the basal plane of SWNT surfaces that minutely maintains the

Grozsek geometry with a little bit deviation.
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2.4. Conclusion

In conclusion by using STM imaging technique and DFT calculations; the handedness
chirality of single-walled carbon nanotubes (SWNT) has been successfully investigated for
the first time. This is can be achieved using the supramolecular chemistry of some
porphyrin derivatives i.e. 5,15-bisdodecylporphyrin (C12P) on the tube surface.
Surprisingly, by using two different types of chiral SWNTSs (right handed P or plus SWNT
and left handed M or minus SWNT); two opposite supramolecular structures have been
observed showing the marvelous effect of SWNT handedness chirality on the alignment of
organic molecules on its surfaces. Based on our results, it has been found that alkyl chain
substituted porphyrins can form a well-ordered supramolecular structure on the basal plane
of SWNT surfaces that minutely maintains the Grozsek geometry with a little bit deviation.
This vital finding explicate that SWNTs handedness chirality plays a crucial role for the
molecular orientation of organic molecules on its surface. Moreover, this gorgeous finding
effectively will identify directly the absolute handedness chirality of SWNT, and being as
key point for further understanding and building new supramolecular architectures on
curved nanocarbon surfaces, as well as can be used for designing and fabricating novel

molecular architectonics of porphyrin / SWNTSs based devices.
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Chapter III. Supramolecular Structure of Different Metal
Center Porphyrins on Single Walled Carbon Nanotube (SWNT)

Surface.

3.1. Introduction

The term molecular electronics is describing the field in which single molecules, small
group of molecules or nanoscale objects can be utilized to perform electronic functions as
the main active components in the electronic devices®?. There is a wide variety of
molecular building blocks , which can be used for the fabrication of electronic
components .i.e. molecules, nanoparticles, nanotubes and nanowires to form new devices
and circuit architectures®., These molecular building blocks can be designed and/or
assembled in such a way that they have properties which resemble traditional electronic
components i.e. wire, transistor, rectifier, memory and switch. By emerging the properties
inherent in single molecule components for fabricating a functional device; this will offer
unlimited possibilities for technological development because the potentially diverse
electronic functions of the component molecules?.

Accordingly since Aviram and Ratner’s proposal, the molecular electronics field
(occasionally also referred as moletronics®) has significantly expanded and attracted interest
of many researchers®!l. Consequently numerous models of single molecule electronic
devices have been actively designed and developed with a wide range of characteristic
functions including diodes'>*®, memories'®'® switches!®?3, logic gates?*?’, negative
differential resistance?®, transistors?®-! and wires®2,
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Since the main subject-matter in molecular electronics is the concept of size decreasing
offered by molecular level control of properties even by individual molecules or by the use
of small ensembles as functional building blocks in electronic device; it is well known that
solid-state devices are fabricated from the “top-down” approach which utilizes an
assortment of sophisticated lithographic techniques in order to pattern a substrate and this
approach has become increasingly challenging as feature size decreases. On the other hand,
the molecules are synthesized and designed from “bottom-up” approach that emerges small
structures from the atomic, molecular, or single device level which offers a very precise
design of atoms and molecules with specific and significant functionalities.

When compared to the traditional inorganic materials i.e. silicon; organic
semiconductors molecules (like n-conjugated organic molecules and polymers) have a very
unique advantages and properties such as their low cost, low-temperature processing on
flexible substrates, high-speed fabrication and tunable electronic properties. Furthermore,
single molecules provide ideal systems to investigate charge transport on the molecular
scale. In addition by using the chemical synthesis, very interesting devices and promising
collections can be obtained such as nanocarbon materials / molecular junctions. Moreover,
by using the physical and electronic properties of organic molecules designed by synthetic
methods, chemical engineering can bring a novel dimensions in design flexibility that
doesn’t existent in typical inorganic electronic materials. Finally, the amalgamation of
molecules and other nanoscale structures has led to a number of demonstrations of new and

potentially useful applications. All of these aspects render single molecules a promising
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candidate for the next generation of electronics, so this is where the richness of molecular
electronics emerges™+32,

Since porphyrins can show promising physical and optoelectronic properties; so they
can be utilized in many fantastic applications i.e. enzymes simulation, catalysis, solar cells
fabrication and energy conversion, light harvesting and molecular electronics applications.
Focusing on the latter type of applications; as porphyrins have a characteristic, reversible
and rich redox chemistry which enhances employ as switches, wires, junctions, transistors
and photodiodes. The physical and electronic properties of porphyrins are controlled by the
substituents which can bind to - and/or meso- positions, and also by the type of metal ions
which can be incorporated inside the porphyrin macrocycle. As divalent ligands, porphyrins
can be coordinated with almost every metal in the periodic table, which leads to further
modification and enhancement the optoelectronic properties of porphyrins®+%,

As they possess adaptable photonic properties, high stability, and synthesis availability,
porphyrins and its related materials are highly recommended to be used as main
components of organic light emitting devices, sensors, solar cells, and photocatalysts. There
are two common ways through which porphyrins can be organized onto material surfaces;
the first one in which the porphyrin active molecules can be covalently attached to the
surface via well-established surface chemistries, this way is known as self-assembled
monolayers (SAMs). In the second way porphyrins can be self-organized giving two
dimensional arrays and/or layers via non-covalent adsorption onto surfaces. In the two
cases, the molecular structure, surface chemistry and energetics are playing essential roles

in the fabrication and organization of the final photonic materials3*%,
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Due to their adorable and remarkable properties i.e. high surface area, chemical
stability, unique electronic and physical properties, high electrical and thermal conductivity,
carbon nanotubes (CNTS) are being used in a wide potential applications in many fields for
instance, nano-electronics, micro-electronics, molecular electronics, optoelectronics,
sensors, energy storage materials, gas storage materials, catalysis, polymer reinforcements,
composite materials, nano-biotechnology, and nano-medicine. Consequently, they become
one of the most attractive materials in the field of nanotechnology®¢-%.

CNTs can be functionalized mainly by two broad approaches, covalent and non-
covalent (supramolecular chemistry) (Fig. 13 in chapter 1). Although, covalent
functionalization of CNTs has been widely investigated and yield a wide variety of
modified nanotube structures conjugated with both small molecules and polymers, but
some covalently modified-SWNTs aren’t suitable to be used in some applications which
based on the high conductivity or mechanical strength of SWNTs. This is because the
covalent functionalization strategy significantly disorganizes the conjugated pi-system of
the CNT; consequently, result in spectacular alternations in its electronic and structural
properties. On the other hand, the non-covalent functionalization includes molecular
adsorption on the tube surface via pi-stacking or Van der Waals interactions with pi-
conjugated sidewall of the tube. As a result, this strategy can maintain both the electronic
and structural impartiality of SWNTSs, allowing the employ of both conductivity and
strength properties in definitive application, and this is the richness and power of

supramolecular approach?.
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However, supramolecular structure assembles of porphyrins on flat nanocarbon
surfaces like HOPG**® or on other metallic surfaces* > have attracted much more
attentions; but supramolecular structures on curved surfaces like carbon nanotubes are still
challenging to predict or to understand; although many research groups have focused on
porphyrin / SWNTs complex even covalently®*®®, noncovalently*®*6%8 assembling of
ordered protonated porphyrin driven by SWNTs®, forming nanohybrid for detecting

volatile organic compounds’ as well as dispersion and solubilization of SWNTs*%-%,

M =Zn, Co, Ni

Figure 1. Chemical Structure of 5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-

bistrimethylsilylethynylporphinato] with different metal centers i.e. Zn, Co, and Ni.

In this chapter we synthesized some porphyrins with different central metals i.e. Zn, Co
and Ni (Figure 1) with the aim to observe their supramolecular structures on SWNTSs
(curved nanocarbon) surface using STM measuments, as well as display the effect of
different metal centers on the supramolecular structures of porphyrins on SWNT surface.

The porphyrin / SWNT complexes have been characterized using UV-Visible spectroscopy,
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high resolution transmission electron microscopy (HR-TEM) and DFT theoretical

calculations.

3.2. Experimental

All the reactions were performed in anhydrous solvents under nitrogen atmosphere
using well-dried glasswares in an oven at 90 ° C before using. All the metal porphyrin were
synthesized under dark conditions. All the solvents i.e. dichloromethane, chloroform and
hexane were dried and distilled using molecular sieves 4 A. Column chromatography was
performed using silica-gel (spherical, neutral, 63-200 um, Kishida Chemicals Co., Ltd.).
HOPG was purchased from Alliance Biosystems, Inc. (Spi - 1 Grade 7x7x1 mm). 1-
Tetradecane was obtained from Aldrich with a grade (99%) and used as it is. Other
chemicals and solvents were of reagent grade and used without any further purification. *H
NMR was carried out on a JEOL 400 and 500 MHz NMR spectrometers. Chemical shifts
were given by ppm and all the signals were adjusted using tetramethylsilane (TMS) as an
internal standard. Mass spectra were recorded using a Shimadzu AXIMA-CFR MALDI-
TOF mass spectrometer. UV/Visible adsorption spectra were recorded on a Shimadzu UV-
3150 double-beam spectrophotometer.

STM observation has been done using BRUKER multimode 8 SPM with a special cell
for solid - liquid measuments has been used. All the STM images were carried out in a
constant current mode under the ambient conditions. The STM tips were mechanically cut
and formed from Pt / Ir (80 / 20 %) wire (0.25 mm in diameter). Supramolecular structures
of metal porphyrin / SWNT composite samples were prepared using simple drop casting

technique and then left to dry at room temperature to be ready for observation. Image
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calibration (flattening to correct the tilting effect of the substrate, low-pass-filtration to
remove high-frequency noise) and unit cell parameter detection were achieved using
NanoScope analysis softwares’?.
Synthesis of Compounds

The target molecules have been synthesized using our previously reported scheme’

with slight modification, which displayed in scheme 1.
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(4. Org. Chem. 1993, 58, 5983.)
M Ni _ a Ni(ACAC),, Toluene, Reflux for 1 day in the dark
(Charm, Cormmun., 2010, 46, 7536,
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Scheme 1. Procedures for synthesizing 5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20

bistrimethylsilylethynylporphinato] with different central metals i.e. Zn, Ni and Co.

5,15-bis(3,5-bis(isopentyloxy)phenyl)porphyrin (1)
Porphyrin 1 has been synthesized by acid-catalyzed condensation of benzaldehyde, by

dissolving 3,5-bis(isopentyloxy)benzaldehyde (1.0934 g, 3.928 mmol) and dipyrromethane
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(0.5746 g, 3.931 mmol) in dry CHCI3 (570 mL), then the mixture has been stirred under N>
gas at room temperature for 24 h in dark conditions. Afterward the resulting solution was
quenched with triethylamine (0.5 mL), following by adding (0.5587 g, 2.272 mmol) of p-
chloranil as an oxidizing agent and continuing stirring for additional 3 h under the same
conditions. The solution was concentrated via evaporating the solvent under vacuum and
the residue was purified using column chromatography (silica gel, CHCIs : hexane = 70 :
30). After evaporating the solvent, solid purple compound was obtained and purified again
using recrystallization with CHCls/excess MeOH, giving pure red purple powder (0.491 g,
31 %) yield. H NMR (500 MHz, CDCl3, 25 °C, TMS): & 10.30 (s, 2H, meso-H), 9.38 (d,
4H, B-pyrrole-H), 9.19 (d, 4H, B-pyrrole-H), 7.43 (s, 4H, benzene CH), 6.92 (s, 2H,
benzene CH), 4.19 (t, 8H, CH), 1.89 (m, 4H, CHy), 1.79 (g, 8H, CH), 0.99 (d, 24H, CH3), -
3.15 ppm (s, 2H, NH). UV/Vis. (CHCl3): Amax= 410, 504, 535, 577, 632 nm. MS (MALDI-
TOF) m/z for Cs2He2N4QOs, [M™] calcd, 807.09; found [M* + H'], 808.1
5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromoporphyrin (2)

N-Bromosuccinimide (0.044 g, 0.247 mmol) was dissolved in CHCI3 (200 mL) and the
solution was added dropwise to 5,15-bis(3,5-bis(isopentyloxy)phenyl)porphyrin 1 solution
(0.1003 g, 0.124 mmol) in CHCI3, then the mixture was stirred at room temperature for 1 h
in dark conditions. After evaporating the solvent, the residue was purified using column
chromatography (silica gel, CHCIs : hexane = 60 : 40) followed by recrystallization with
CHCls/excess MeOH, giving pure red purple powder (0.100 g, 84 %) yield. *H NMR (500
MHz, CDCl3, 25 °C, TMS): 6 9.60 (d, 4H, B-pyrrole-H), 8.98 (d, 4H, B-pyrrole-H), 7.36 (s,

4H, benzene CH), 6.93 (s, 2H, benzene CH), 4.20 (t, 8H, CH2), 1.90 (m, 4H, CH>), 1.80 (q,
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8H, CH), 1.01 (d, 24H, CHj3), -2.72 ppm (s, 2H, NH). UV/Vis. (CHCI3): Amax= 425, 520,
558, 601, 661 nm. MS (MALDI-TOF) m/z for Cs,HsoN4O4Br2, [M*] calcd, 964.88; found
[M*+ H], 965.5

[5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]zinc(l1) (3)

Zinc porphyrin 3 has been synthesized using reported method”® in which
Zn(0OAC)2.2H20 (1.9639 g, 8.9443 mmol) was dissolved in MeOH (100 mL) and the
solution was added dropwise to 5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-
dibromoporphyrin 2 solution (0.4325 g, 0.4482 mmol) in CHCl3, then the mixture was
stirred at room temperature for 4 h in dark conditions. The resulting solution was washed
three times with water and brine solution. The crude solid has been obtained after removing
the solvent under vacuum, and purified using column chromatography (silica gel, CHCl3:
hexane = 70 : 30) followed by recrystallization with CHClz/excess MeOH, giving pure red
purple powder (0.4046 g, 88 %) yield. *H NMR (500 MHz, CDCls, 25 °C, TMS): § 9.67 (d,
4H, B-pyrrole-H), 9.04 (d, 4H, B-pyrrole-H), 7.28 (s, 4H, benzene CH), 6.89 (s, 2H,
benzene CH), 4.16 (t, 8H, CH2), 1.87 (m, 4H, CH>), 1.75 (g, 8H, CH), 0.94 (d, 24H, CH3).
UV/Vis. (CHCI3): Amax= 428, 563, 605 nm. MS (MALDI-TOF) m/z for CspHsgN4O4Br2Zn,
[M™] calcd, 1028.25; found [M* + H™], 1029.8
5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-bistrimethylsilylethynylporphinato]zinc(l1)
(4)

A mixture of [5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]zinc
(1) 3 (0.3443 g, 0.3348 mmol), Cul (0.186 g) and Pd(PPhs)s (0.186 g) were dissolved in

THF (45 mL). Then trimethylsilylacetylene (0.75 mL) and triethylamine (15 mL) were
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added to the solution and the reaction mixture was stirred for 24 h at 45 °C under N2 gas in
dark conditions. The solution was concentrated via evaporating the solvent under vacuum
and the residue was purified using column chromatography (silica gel, CHCIls : hexane =
70 : 30) giving pure blue purple powder (0.3537 g, ~100 %) yield. *H NMR (500 MHz,
CDCls, 25 °C, TMS): 4 9.66 (d, 4H, B-pyrrole-H), 9.02 (d, 4H, B-pyrrole-H), 7.32 (s, 4H,
benzene CH), 6.89 (s, 2H, benzene CH), 4.17 (t, 8H, CH>), 1.86 (m, 4H, CH>), 1.76 (g, 8H,
CH), 0.98 (d, 24H, CH3), 0.61 (s, 18H, CH3). UV/Vis. (CHCls): Amax= 440, 580, 632 nm.
MS (MALDI-TOF) m/z for Ce2H76N4O4SioZn, [M*] calcd, 1062.86; found [M* + 2H"],
1064.4, 1060.86
[5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]nickel(11) (5)

Nickel metalized porphyrin 5 was synthesized using previously reported method™ in
which a solution of 5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromoporphyrin 2
(0.2945 g, 0.305 mmol) in toluene (50 mL) was refluxed with Ni(acac)..2H.O (0.11 g,
0.414 mmol) at 120 ° C for 1 day in dark conditions. The reaction mixture was then
quenched with water (100 mL) and extracted with CHCIs; the organic layer was washed
three times with water, brine and dried over Na>SOa. After removing the solvent, the crude
solid was purified by recrystallization with CHCls/ MeOH, giving pure red purple crystals
(0.2870 g, yield 92 %). *H NMR (500 MHz, CDCls, 25 °C, TMS): & 9.44(d, 4H, B-pyrrole-
H), 8.82 (d, 4H, B-pyrrole-H), 7.09 (s, 4H, benzene CH), 6.3 (s, 2H, benzene CH), 4.11 (t,
8H, CHy), 1.86 (m, 4H, CH2), 1.76 (q, 8H, CH), 0.96 (d, 24H, CHs). UV/Vis. (CHCIs):
Amax= 432, 553, 592 nm. MS (MALDI-TOF) m/z for CsyHssN4O4Br2Ni, [M*] calcd,

1021.56; found [M* - H'], 1020.1
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5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-bistrimethylsilylethynylporphinato]
nickel(l1) (6)

A mixture of [5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]nickel
(1) 5 (0.2870 g, 0.2809 mmol), Cul (0.166 g) and Pd(PPhs)s (0.166 g) were dissolved in
THF (40 mL). Then trimethylsilylacetylene (0.62 mL) and triethylamine (11 mL) were
added to the solution and the reaction mixture was stirred for 24 h at 45 °C under N2 gas in
dark conditions. The solution was concentrated via evaporating the solvent under vacuum
and the residue was purified using column chromatography (silica gel, CHCls : hexane =
70 : 30) giving pure purple crystals (0.2598 g, 88 %) yield. *H NMR (500 MHz, CDCls, 25
°C, TMS): 6 9.40 (d, 4H, B-pyrrole-H), 8.84 (d, 4H, B-pyrrole-H), 7.51 (s, 4H, benzene
CH), 7.12 (s, 2H, benzene CH), 4.07 (t, 8H, CH>), 1.86 (m, 4H, CH>), 1.73 (g, 8H, CH),
0.98 (d, 24H, CHs), 0.50 (s, 18H, CHs). UV/Vis. (CHCl3): Amax= 432, 552, 592 nm. MS
(MALDI-TOF) m/z for Ce2H76N4O4SizNi, [M*] calcd, 1056.18; found [M* - 2H*], 1054.6
[5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]cobalt(l1) (7)

We synthesized cobalt metalized porphyrin 7 using previously reported method™, in
which a solution of 5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromoporphyrin 2
(0.2614 g, 0.271 mmol) in CHCIz (70 mL) was refluxed with Co(acac). (1.01 g, 3.92
mmol) at 70 ° C for 20 h under N2 gas in dark conditions. After removing the solvent, the
crude solid was purified column chromatography (silica gel, CH.Cl,) followed by
recrystallization with MeOH (few drops), giving pure red purple crystals (0.2546 g, yield
92 %). *H NMR (500 MHz, CDCls, 25 °C, TMS): § 16.23 (broad d, 4H, B-pyrrole-H),

15.38 (broad d, 4H, B-pyrrole-H), 11.88 (broad s, 4H, benzene CH), 8.68 (s, 2H, benzene
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CH), 5.26 (t, 8H, CH2), 3.44 (m, 4H, CHy), 2.31 (q, 8H, CH), 1.12 (d, 24H, CH3). UV/Vis.
(CHCI3): Amax= 416, 535 nm. MS (MALDI-TOF) m/z for CsaHssN4O4Br>Co, [M*] calcd,
1021.80; found [M*+ H*], 1020.9, 1022.9
5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-bistrimethylsilylethynylporphinato]
cobalt(l1) (8)

A mixture of [5,15-bis(3,5-bis(isopentyloxyphenyl)-10,20-dibromo-porphinato]cobalt
(1) 7 (0.2546 g, 0.2491 mmol), Cul (0.15 g) and Pd(PPhs)s (0.15 g) were dissolved in THF
(40 mL). Then trimethylsilylacetylene (0.56 mL) and triethylamine (10 mL) were added to
the solution and the reaction mixture was stirred for 24 h at 45 °C under N2 gas in dark
conditions. The solution was concentrated via evaporating the solvent under vacuum and
the residue was purified using column chromatography (silica gel, CHCIs: hexane = 70 :
30) followed by recrystallization with MeOH (few drops), giving pure purple crystals
(0.2518 g, 96 %) yield. *H NMR (500 MHz, CDCls, 25 °C, TMS): § 16.47 (broad d, 4H, B-
pyrrole-H), 15.88 (broad d, 4H, B-pyrrole-H), 12.21 (broad s, 4H, benzene CH), 8.81 (s,
2H, benzene CH), 5.28 (t, 8H, CH2), 2.39 (m, 4H, CH2), 2.19 (q, 8H, CH), 1.55 (d, 24H,
CHs), 1.18 (s, 18H, CH3). UV/Vis. (CHCls): Amax= 430, 552, 592 nm. MS (MALDI-TOF)
m/z for Ce2H76N404Si>Co, [M*] calcd, 1056.42; found [M*], 1056
Purification of SWNT

Since we used in this chapter raw SWNT (HiPCO™, Carbon Nanotechnologies), so we
purified it using some reported procedures which have described elsewhere%7® with slight
modification, which depicted in scheme 2. In this method, SWNTSs firstly have been heated
at 200 °C (for removing the amorphous carbons), sonicated in concentrated hydrochloric
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acid for a few minutes followed by refluxing with conc. HCI at 105 °C for 1 h in order to

remove the metal catalysts i.e. Fe. The tubes were then collected using filter membrane and

washed with aqueous solution of NaHCO3 to neutralize it (pH was being checked during

the washing process). Finally SWNTs were dried at 50 °C overnight giving purified

SWNTSs (p-SWNTSs).

Heating at 30 - 200 °C Sonication for 2 min

S

Add HCI after heating + Reflux at 105 °C for 1 hr.

SWNT SWNT
dispersed
in HCI

Scheme 2. HiPCO SWNTs purification

Preparation of metal porphyrins / SWNTs Complexes

Filtration
+ Washing
with H,0 or
NaHCO;
solution

The metal porphyrin/SWNT complexes were fabricated as follows. After dissolving

porphyrin in chloroform, the solution was submitted to ultrasonic bath for 10 min. 5 mg of

HIPCO SWNTs were added to porphyrin solution and sonicated overnight. The resulting

suspension was left for sedimentation for 2 h. Then the top 5 % of the supernatant was
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removed, and the precipitate was filtered by a membrane filter (MILLIPORE) of 0.1 um
mesh. Then rinse with 100 mL CHCl3 to remove the non-adsorbed porphyrin and dried in a
vacuum desiccator until further utilization, as described in scheme 2 the experimental

section of chapter 2.

3.3. Results and discussion

UV-Visible Spectroscopic measuments

UV-Visible spectroscopy has been measured in order to confirm that the non-covalent
interactions between the metal porphyrins and SWNTSs surface have been successfully done
and the complexes have been successfully prepared. Figure 2 illustrates UV-Visible spectra
of pristine SWNT, ZnPor, CoPor, NiPor, ZnPor / SWNT complex, CoPor / SWNT complex
and NiPor / SWNT complex.

As it is clearly shown in Fig. 2, the spectra of ZnPor / SWNT complex, CoPor / SWNT
complex and NiPor / SWNT complex were shifted either for longer or shorter wavelengths,
as an evidence that SWNT has been successfully functionalized by the different metal
center porphyrins. Additionally one can see that the complexes spectra are including the
peaks of both SWNTs and porphyrins. For ZnPor / SWNT and NiPor / SWNT, the spectra
are blue shifted however the spectrum of CoPor / SWNT is red shifted; this may be
attributed to formation of H-aggregates in the case of ZnPor and NiPor complexes, however
CoPor formed J-aggregates on SWNTSs surface therefore CoPor / SWNT spectrum is red

shifted towards longer wavelength.
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Figure 2. UV-Visible spectra of pristine SWNTs, ZnPor, CoPor, NiPor, ZnPor / SWNT

complex, CoPor / SWNT complex and NiPor / SWNT complex, in CHCls.

High Resolution Transmission Electron Microscopic (HR-TEM) measuments
The HR-TEM images results of pristine SWNTs, CoPor / SWNT complex, NiPor /
SWNT complex and ZnPor / SWNT complex are shown in Fig. 3. It is clearly seen in
pristine SWNTs image (Fig. 3a) that they are recognized as bundles with smooth surfaces,
additionally the sidewalls of the pristine SWNTs can be typically distinguished. However
in Fig. 3b-d which representing CoPor, NiPor and ZnPor / SWNT complexes, respectively;
the SWNTs seem apparently covered with the adsorbed porphyrin molecules which
preventing the clear appearance of the tubes sidewalls. Consequently, the bundles of the

complexes appear slightly denser than the pristine ones due to the accumulation of the
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porphyrin molecules on SWNTs surfaces via stacking interactions which led to additional
agglomeration of the nanotubes. On the other hand there are also some notable debundling
effects in the complex samples in Fig. 3b-d which attributed to the adsorption of porphyrin
on SWNTs surface leading to more dispersed SWNTs within the same samples. Our TEM
results are in a good agreement with which have been found elsewhere’’” however they used

tetraphenylporphyrin (TPP).

a
Pristine S Co/SWNT
SWNT =~

Ni/SWNT - Zn/SWNT

R o

Figure 3. HR-TEM images of a, pristine SWNTs b, CoPor / SWNT complex c, NiPor /

SWNT complex and d, ZnPor / SWNT complex. All images were taken at 200 KV.
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Supramolecular structures of different central metal porphyrins on SWNT surface
observed by STM

The supramolecular structure of porphyrin molecules have been investigated on SWNT
surface using STM measuments. Prior to STM observation, small portion of the complex
samples suspension was simply drop casted onto a freshly cleaved HOPG surface and left
to completely dry and then introduced to the STM machine to be measured under the
ambient conditions. In order to induce a tunneling current, a bias voltage was applied
between the tip and sample to record images at solid-gas interface.

Since SWNT can be functionalized either covalently or non-covalently; ZnPor, CoPor
and NiPor complexes with SWNTs have been formed mainly via non-covalent interactions
between metalized porphyrins and SWNTs for instance n-n staking between the complex
components due to the high carrier mobility of delocalized m-electrons, in addition to
molecular-substrate interactions, intermolecular interactions and Vander Waals interactions
i.e. porphyrin-porphyrin interaction, and alkyl chain-alkyl chain interaction.

The representative STM images which showing the supramolecular structures of ZnPor
/ SWNT complex, CoPor / SWNT complex and NiPor / SWNT complex are displayed in
Fig. 4, in which one can see apparently that porphyrin molecules are adsorbed evidently

onto SWNT surface in all the SWNT / porphyrin complexes (Fig. 4a-i).
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Figure 4. Typical STM images for supramolecular structures of ZnPor, CoPor and NiPor /
SWNTs complexes on HOPG surface. All images were taken at Vsampie = 0.100 V and |;=
0.010 nA. a, ZnPor / SWNT complex (50 nm x 50 nm) b, ZnPor / SWNT complex (100 nm
x 100 nm) ¢, ZnPor / SWNT complex (50 nm x 50 nm) d, CoPor / SWNT complex (100
nm x 100 nm) e, CoPor / SWNT complex (250 nm x 250 nm) f, CoPor / SWNT complex
(150 nm x 150 nm) g, NiPor / SWNT complex (100 nm x 100 nm) h, NiPor / SWNT
complex (25 nm x 25 nm) i, NiPor / SWNT complex (50 nm x 50 nm).
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From all the STM images it is clearly shown a significant debundling effect of SWNTs
due to interaction with the adsorbed porphyrins which led to highly dispersed SWNTs
which are almost fully covered with the porphyrin molecules. Therefore STM imaging
suggests the strong interactions between metalized porphyrins and SWNTs which
expressed not only through the debundling effect, but also through the SWNTs surface full
coverage.

There are different possible molecular arrangements have been observed for the
metalized porphyrins on SWNTSs surface, for instance in the case of ZnPor (Fig. 4a-c) the
porphyrins molecules are aligned on the tube surface forming a supramolecular regular
arrays interacting to each other, with a center to center distances of about 2.2 + 0.2 nm, as it
can be seen from the topographic profile in Fig. 5a which reveal the periodicity of
neighboring porphyrin molecules along the axis of the tube. According to the topographic
profile, the small center to center distances suggest also formation of short helix-shaped
arrays.

On the other hand a notably diagonal orientation of NiPor molecules can be clearly
distinguished on the tube surface (elucidated in Fig. 4g-i), with center to center distance
equals about 3.8 + 0.3 nm (Fig. 5b) which is larger than ZnPor case. This suggests that
NiPor molecules formed well-ordered long helix-shaped arrays with a regular periodicity
on SWNT surface stabilized with non-covalent and =-staking interactions within the
neighboring porphyrin molecules. It is worth to mention that among the three metal
porphyrin samples (ZnPor, NiPor and CoPor); the best STM resolution images have been
observed in the case of NiPor, probably this is due to the electronegativity effect; as Ni has
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higher electronegative compared to Zn and Co (Zn (1.65) < Co (1.88) < Ni (1.91), Pauling
scale’®) which increases the electro-positivity of the porphyrin ring and hence increases its
ability to interact with the electron rich identities i.e. CNT, therefore making the interaction

stronger.

a 300

NiPor
pm 5 10 15 20 nm

Figure 5. Topographic profiles representing the center to center distances (marking with
the blue lines in Fig. 4a and 4g) for a, ZnPor molecules (equals about 2.2 + 0.2 nm) and b,

NiPor molecules (equals about 3.8 = 0.3 nm) on SWNTSs surface.

Although one can see apparently some helical structures formed by CoPor molecules
on SWNTs surface (Fig. 4d and 4f), but generally CoPor molecules didn’t show regular
supramolecular structures on the tube surface as in the other metal porphyrin cases (Fig. 4d-
f). Furthermore an interesting extra debundling effect has been observed for CoPor
molecules (Fig. 4e) which attributed not only to strong interaction with SWNTSs but also
because CoPor molecules are able to intercalate and considerably disperse SWNT bundles

and hence adsorb onto the surface of individual SWNTs'’.
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Density Functional Theory (DFT) calculations

With the purpose for identifying the effect of metalation on the supramolecular
structures of porphyrins on SWNT surface from an energetic point of view, in addition to
establish the stability of the formed metalized porphyrin /SWNT complexes; we performed
some DFT calculations using long-range corrected functionals which involved in Gaussian
09 software” for instance the Minnesota functionals (M05-2X)88! with 3-21G basis set
which can be used in the characterization of the non-local nature of VdW interactions.

All the initial setup of these calculations has been explained in details in chapter 2 in
which we used an open ended chiral P- (6,5) SWNT modeling with 2.5 nm length, 0.8 nm
in diameter (designed by our group) and composed of 222 carbon atoms and 22 hydrogen
atoms; however for the metalized porphyrins we used porphyrin macrocycle ring which
consist of 20 carbon atoms, 4 nitrogen atoms, 12 hydrogen atoms , incorporating with
different metal centers i.e. Ni atom, Co atom and Zn atom, respectively.

Prior to complexes structures optimization, at first we succeed to optimize the
structures of the individual components i.e. SWNT, NiPor, ZnPor and CoPor. Consequently
these optimized structures have been used in the structure optimization of the porphyrins /
SWNT complexes. All the calculations have been done using M05-2X / 3-21G theoretical
level. The frontier molecular orbitals (HOMOs and LUMOSs) and their absolute energies
values in eV of P-(6,5) SWNT, Ni-porphyrin, Co-porphyrin (a-shape) and Zn-porphyrin

molecules are demonstrated in table 1.
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Table 1. The frontier molecular orbitals (HOMOs and LUMOs) and their absolute energies
values in eV (calculated using M05-2X/3-21G theoretical level) of P-(6,5) SWNT, Ni-

porphyrin, Co-porphyrin (a-shape) and Zn-porphyrin molecules, respectively.

By using the optimized structures of the individual components i.e. SWNT and metal
porphyrins; the structures of their complexes have been successfully optimized. The
energies of formation (AEcomplex) OF the complexes, the HOMOs and LUMOSs energies, the

HOMO / LUMO gap energies and the closest distances between the metal porphyrins and

SWNT surface are summarized in table 2 .
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Distance
Energy of
Enomo | ErLumo ) between Por.
HOMO/LUMO | formation
Complex eV) eV) and SWNT
energy gap (eV) | AEcomplex
V) (dswnrpor.)
e
A)
ZnPor / SWNT -5.66 | -2.75 2.91 -1.49 3
NiPor /SWNT | _563 -2.69 2.94 -1.36 3.1
CoPor /SWNT | _5¢6 2.71 2.95 -1.58 3

Table 2. DFT calculations summary for ZnPor / SWNT, NiPor / SWNT and CoPor /
SWNT complexes calculated using M05-2X / 321G theoretical level, including the energies
of formation, HOMOs-LUMOs energies, HOMO / LUMO energies gap, the separation

distance between metal porphyrin molecules and SWNT surface.

The energies of formation (binding energies) of the complexes (AEcompiex) Were

calculated using the following formula®®::
AEcomplex = Ecomplex - (EswnT + EM-por)

where Ecomplex, Eswnt and Ewmpor are the corresponding absolute energies of the complex,
SWNT and metal-porphyrin molecule, respectively. As demonstrated from the table, all the
complexes displaying strong exothermal binding energies (AEcompiex) equal to -1.58 eV, -
1.49 eV and -1.36 eV for CoPor / SWNT complex, ZnPor / SWNT complex and NiPor /
SWNT complex, respectively. Among the three metal porphyrin complexes, CoPor has the
lowest binding energy, which means the strongest interaction with SWNT;, therefore the
most stable structure can be produced. In other word, from an energetic point of view the
stability of these metal porphyrins complexes with the following order Ni < Zn < Co.
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Similar results have been found elsewhere’” in which they stated that among Co, Zn and
Ni-TPP; CoTPP gave the strongest interaction with SWNT as it can not only adsorbed on
the tube surface but also intercalate producing very stable complex.

It worth to mention that all the complexes gave almost the same intermolecular contact
distance between the porphyrin and SWNT surface which equal around 3.1 A, which is
very similar to the distance obtained for tetraphenylporphyrin (TPP) /Ceo system®* which is
3 A and with TPP/SWNT system® which is 3.0 < d < 3.3 A. Furthermore, the porphyrin

ring was bent towards the tube surface taking chips shaped like structure or saddle structure

(Fig. 6)
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Figure 6. Optimized geometric structure obtained using M05-2X functional with 3-21G
basis set for the non-covalent interaction of P-(6,5) SWNT / Zn, Co and Ni-Por complexes
in which the porphyrin ring was bent towards the tube surface (with intermolecular distance

dswnT/ror. = 0.3nm) taking chips shaped like structure or saddle structure.
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The frontier molecular orbitals (HOMOs and LUMOSs) of the complexes and their
absolute energies values in eV are represented in Fig. 7. The frontier orbitals of the
nanotube, porphyrin core and SWNT / porphyrin conjugates resulting by using M05-2X
functional with 3-21G basis set, from which it is obvious that the HOMO - LUMO energies

gap are almost same. Additionally the frontier orbitals of the complexes are located on both

the tube surface and the molecules.
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Figure 7. The HOMO-LUMO plot and the frontier orbital shapes of SWNT / metal

porphyrin complexes and their energies (in eV), calculated using M05-2X functional with

3-21G basis set.
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3.4. Conclusion

With the purpose for identifying the effect of metalation on the supramolecular
structures of porphyrins on SWNT surface; supramolecular structures of different central
metal porphyrins i.e. ZnPor, NiPor and CoPor were successfully observed on SWNT
(HIPCO raw) surface by using STM imaging technique and further characterized via HR-
TEM and UV - Visible spectroscopy. All the metal porphyrins can be adsorbed effectively
on the tube surface leading to well-ordered supramolecular structures (especially in the
cases of NiPor and ZnPor) on SWNT surface, as well as strong debundling effect
(especially in CoPor case) for the nanotubes. Among the three metal porphyrins; NiPor
produced the best STM resolution images. From an energetic point of view, DFT results
displayed that the stability of these metal porphyrins complexes with the following order Ni
< Zn < Co, additionally all the metal porphyrins complexes took chips shaped like structure
or saddle structure with almost the same intermolecular contact distance between the
porphyrin and SWNT surface which equal around 3 A. Consequently by changing the
central metal incorporated inside the porphyrin ring; different supramolecular structures can
be observed on SWNT surface, which displaying the marvelous effect of different metal
centers on the supramolecular structure of porphyrins on SWNT surface. This substantial
finding will be very helpful as key point for further understanding and building new
supramolecular architectures on curved nanocarbon surfaces as well as can be used for
designing and fabricating novel molecular architectonics of porphyrin / SWNTs based

devices.
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Chapter IV. Confirmation of SWNT Handedness Chirality
Identification with Metalized Porphyrins using STM imaging

Technique.

4.1. Introduction

Since Aviram and Ratner’s proposal’, the molecular electronics field as significantly
expanded and numerous models of single molecule electronic devices have been actively
designed and developed with a wide range of characteristic functions including diodes,
memories, switches, logic gates, transistors and wires?”.

There is a wide variety of molecular building blocks, which can be used for the
fabrication of electronic components .i.e. molecules, nanoparticles, nanotubes and
nanowires to form new devices and circuit architectures® These molecular building blocks
can be designed and/or assembled in such a way that they have properties which resemble
traditional electronic components i.e. wire, transistor, rectifier, memory and switch. By
emerging the properties inherent in single molecule components for fabricating a functional
device; this will offer unlimited possibilities for technological development because the
potentially diverse electronic functions of the component molecules®.

Another approach to fabricate molecular electronic devices can be attained by using
supramolecular chemistry techniques and/or self-assembly of organic molecules, carbon
nanotubes, proteins and others. Self-assembly is a phenomenon in which atoms, molecules
or groups of molecules can be arranged spontaneously into regular patterns without
interference from outside!%™,
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Due to their magnificent properties i.e. optoelectronic, physical and chemical;
porphyrins and related compounds have attracted great attention and have been studied*?. In
addition to their ease of synthesis including very wide variations of substituents, they are
not only important as natural photo-catalysts but also they can be used as substantial
candidates in many other fields for instance, material science, physics and as well as
building blocks in molecular electronic devices'??’. Additionally they have a large n-
electronic system, and numerous metals can be inserted within their macrocycle giving
metalloporphyrins. In fact the optoelectronic properties of porphyrins can be easily altered
by insertion of metal center within the molecular ring®®.

In order to get well-ordered nanostructures, self-assembly of organic molecules on
metallic or nanocarbon material surfaces is being a promising approach. Interactions of
porphyrins and/or related tetraazamacrocyclic compounds with nanocarbon materials i.e.
single-walled carbon nanotubes (SWNTSs)*®?4  highly oriented pyrolytic graphite
(HOPG)?>®0 and graphene®' have been extensively studied. By combining the unique
optical, electronic and magnetic properties of both porphyrins and nanocarbon materials;
the overall properties of the novel designed hybrid nanosystems will be enhanced, giving a
wide range of applications i.e. catalysts, sensors, electronic, photonic and spintronic devices
as a key step for the future development of molecular electronics field®?34,

However, supramolecular structure assembles of porphyrins on flat nanocarbon
surfaces like HOPG?® or on other metallic surfaces®“*° have attracted much more
attentions; but supramolecular structures on curved surfaces like carbon nanotubes are still

challenging to predict or to understand; although many research groups have focused on
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porphyrin / SWNTs complex even covalently*:*3, noncovalently**>’, assembling of
ordered protonated porphyrin driven by SWNTs®, forming nanohybrid for detecting
volatile organic compounds® as well as dispersion and solubilization of SWNTs*647,

In previous studies, our group has investigated electronic properties of SWNTs /
150mer-Porphyrin system using point-contact current imaging atomic force microscopy
(PCI-AFM)®® as well as fabrication of porphyrin molecular nanodevices wired using
SWNTs®L. Moreover, we assigned the two-dimensional supramolecular structures of a
series of N, N'-bis(n-alkyl)-naphthalenediimides (NDIs), whose chain lengths span from
C3 to C18, at a liquid - HOPG surface interface, using STM and FM-AFM, with the help
of molecular dynamics / molecular mechanics calculations®?.

In this chapter with the aim to confirm determination of the absolute handedness
chirality of SWNTs (which has been investigated in chapter 2) using different molecular
structure of porphyrin derivatives; we studied the supramolecular structures of 5,15-
bisdodecylporphyrin-Ni (Fig. 1) (Ni-C12P) on chiral-SWNTs surface using scanning
tunneling microscopy (STM), for the purpose firstly to emphasize the identification of
handedness chirality of SWNT and its effect on the supramolecular structure of the organic
molecules on SWNT surface, in addition to consider whether porphyrin metalation would
have effect on the handedness chirality of SWNT or not.

Again (as in chapter 2) two types of chiral-SWNTSs have been used in this study, right
handed helix P (or plus) type and left handed helix M (or Minus) type®3-%8. Interestingly two

opposite supramolecular structures of Ni-C12P molecule on chiral SWNT surface have

been observed STM microscopic images, in which Ni-C12P molecules are aligned towards
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the right direction (assigned as P-type) and to the left direction (assigned as M-type). These
results are in agreement with those have been obtained in chapter 2 by using free base
porphyrin C12P, which could be indicate that even by changing the molecular structure of
the porphyrin i.e. by incorporating metal center; the handedness chirality of SWNT would
have the same effect on the orientation and supramolecular structure of organic molecules
on its surface. Therefore the handedness chirality of SWNT can be successfully identified
using STM imaging technique, via supramolecular structure of organic molecules on the

tube surface.

o 3.7 nm |

Figure 1. Chemical Structure of 5,15-bisdodecylporphyrin-Ni (Ni-C12P)

4.2. Experimental

All the reactions were performed in anhydrous solvents under nitrogen atmosphere
using well-dried glasswares in an oven at 90 ° C before using. Nickel porphyrin was
synthesized under dark conditions. All the solvents i.e. dichloromethane, chloroform and
hexane were dried and distilled using molecular sieves 4 A. Column chromatography was
performed using silica-gel (spherical, neutral, 63-200 pum, Kishida Chemicals Co., Ltd.).
HOPG was purchased from Alliance Biosystems, Inc. (Spi - 1 Grade 7x7x1 mm). 1-

Tetradecane was obtained from Aldrich with a grade (99%) and used as it is. Other
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chemicals and solvents were of reagent grade and used without any further purification. ‘H
NMR was carried out on a JEOL 400 and 500 MHz NMR spectrometers. Chemical shifts
were given by ppm and all the signals were adjusted using tetramethylsilane (TMS) as an
internal standard. Mass spectra were recorded using a Shimadzu AXIMA-CFR MALDI-
TOF mass spectrometer. UV/Visible adsorption spectra were recorded on a Shimadzu UV-
3150 double-beam spectrophotometer.

SWNT treatment, STM measurements on both HOPG and SWNT surfaces have been
explained in details in the experimental section of chapter 2. STM observation of Ni-C12P
on HOPG surface was performed using JEOL scanning probe microscope (JSPM-5200)
with a special hand-made cell for solid — liquid measuments, however to observe Ni-C12P
on SWNT surface; BRUKER multimode 8 SPM with a special cell for solid — liquid
measuments has been used. All the STM images were carried out in a constant current
mode under the ambient conditions. The STM tips were mechanically cut and formed from
Pt/Ir (80 % / 20 %) wire (0.25 mm in diameter).

Synthesis of Compounds

We synthesized Ni-C12P 4 based on our previously reported method® with slight
modification which shown in scheme 1. The synthesis of dipyrromethane 1 and 5, 15-
bisdodecylporphyrin (C12P) 3 have been explained in details in the experimental section of
chapter 2; however tridecanal 2 has been purchased and used as received.

5, 15-bisdodecylporphyrin-Ni (Ni-C12P) 4
We synthesized C12P-Ni 4 using previously reported method®’, in which C12P (0.3157

g, 0.488 mmol) and Ni (acac) 2 (0.17g, 0.659 mmol) were refluxed in toluene (50 mL) at
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120 ° C for 1 day in dark. The complete metalation was checked by TLC, after that the
reaction mixture was poured with 100 mL water and extracted with CHCI3. After collecting
the organic layer, it was washed 3 times with water and brine and dried over Na>SQO4. By
removing the solvent under vacuum then recrystallize the residue with CHCIs / excess
MeOH, red purple powder was obtained (0.3 g, 86 % vyield). *H NMR (500 MHz, CDCls,
25°C, TMS): 6 9.80 (s, 2H, meso-H), 9.60 (d, J = 4.8 Hz, 4H, B-pyrrole-H), 9.34 (d, J = 4.8
Hz, 4H, B-pyrrole-H), 4.95 (m, 4H, CH>), 2.48 (m, 4H, CH), 1.80 (m, 4H, CH>), 1.63 (m,
16H, CH2),1.11(t, 6H, CHs). UV/Vis (CH2Cl2): Amax= 403, 517, 550 nm. MS (MALDI-

TOF) m/z for CasHeoNs Ni, [M + H] * calcd, 703.6; found, 703.1

—

I I

'\\':\
-

'5:" M A )}
N — Ny
) i TSy
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Scheme 1. Procedures for synthesizing 5,15-bisdodecylporphyrins-Ni (Ni-C12P).
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Preparation of Ni-C12P / SWNTs Complex

The porphyrin / SWNT complex was prepared as follows. After dissolving Ni-C12P in
dichloromethane, the solution was submitted to ultrasonic bath for 10 min. 0.3 mg of P-
and/or M- chiral SWNTs were added to porphyrin solution, and sonicated overnight. The
resulting suspension was left for sedimentation for 2 h. Then the top 5 % of the supernatant
was removed, and the precipitate was filtered by a membrane filter (MILLIPORE) of 0.1
pm mesh. Then rinse with 100 mL CH2Cl, to remove the non-adsorbed porphyrin and dried
in a vacuum desiccator until further utilization, as illustrated in scheme 2 the experimental

section of chapter 2.

4.3. Results and discussion
Supramolecular Structures of Ni-C12P on P-, M- Handedness Chiral SWNTs

Surface observed by STM

After separation using the reported method®3; handedness chiral SWNTs P and/or M
have been mixed together with Ni-C12P solution, filtered, dried (as explained in details in
the experimental section of this chapter) and the complex powder was re-suspended in 10
mL MeOH, simply drop-casted onto HOPG substrate and left to be completely dry, finally
the sample has been introduced to the STM machine to be measured using constant current
mode STM imaging technique under ambient conditions.

Surprisingly two converse supramolecular structures of Ni-C12P molecules have been
observed on the tube surface; the first one in which Ni-C12P molecules are aligned
diagonally to the right direction (this type has been assigned as Ni-C12P / P- SWNTs

complex) which elucidated in Figure 2a-e, however in the second observed supramolecular
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structure Ni-C12P molecules are being aligned towards to the left direction (we assigned
this one as Ni-C12P / M- SWNTs complex) which can be shown in Figure 2f-j. From that
dandy finding, one can see clearly the effect of the handedness chirality of SWMT on the
alignment of Ni-C12P molecules on its surface; as well as the supramolecular structures
made by Ni-C12P were strongly dependent on the underlying SWNTSs structure, which in a
perfect agreement with the results which have been formed using free base porphyrin C12P
in chapter 2. This should indicate that even though by changing the molecular structure of
the porphyrin molecule (i.e. by metalation), the SWNT handedness chirality effect can be
clearly distinguished using STM microscopic imaging.

Since SWNT can be functionalized either covalently or non-covalently; Ni-C12P /
SWNT complexes have been formed mainly via non-covalent interactions between Ni-
C12P and SWNT for instance n-n staking between the complex components (Ni-C12P and
SWNT) due to the high carrier mobility of delocalized m-electrons, in addition to
molecular-substrate interactions, intermolecular interactions and VVander Waals interactions
i.e. alkyl-CNTs interaction, porphyrin-porphyrin interaction, and alkyl chain-alkyl chain

interaction.
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Figure 2. Typical STM images for supramolecular structures of Ni-C12P / P- and M-
SWNTs complexes on HOPG surface. All images were taken at Vsample = 0.100 V and It =
0.010 nA a, Ni-C12P / P- SWNTs complex (30 nm x 30 nm) b, Ni-C12P / P- SWNTs
complex (100 nm x 100 nm) c, Ni-C12P / P- SWNTs complex (50 nm x 50 nm) d, Ni-
C12P / P- SWNTs complex (100 nm x 100 nm) e, Ni-C12P / P- SWNTs complex (100 nm
x 100 nm) f, Ni-C12P / M- SWNTs complex (50 nm x 50 nm) g, Ni-C12P / M- SWNTSs
complex (100 nm x 100 nm) h, Ni-C12P / M- SWNTs complex (100 nm x 100 nm) i, Ni-
C12P / M- SWNTs complex (200 nm x 200 nm) j, Ni-C12P / M - SWNTs complex (100

nm x 100 nm).

The supramolecular structure of Ni-C12P molecules on HOPG surface as a flat nano-
carbon substrate has been also studied with the aim to know how the Ni-C12P molecules
can be aligned on HOPG surface, additionally better resolution of the molecular structure
can be obtained and detailed discussion is possible. Therefore this will be very helpful in

the identification of the handedness chirality of SWNT too.
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Supramolecular Structures of Ni-C12P on HOPG Surface observed by STM.

The supramolecular structure of Ni-C12P molecule has been investigated on HOPG
surface with almost the same protocol which done with C12P molecule (in chapter 2), in
which a few drops (ca. 5 pL) of Ni-C12P solution with concentration (~ 0.8 mM) have
been simply casted onto a freshly cleaved HOPG surfaces and fixed in the cell. Afterward
the substrate was annealed at 60 ° C for 20 - 30 min. and cooled to room temperature,
basically without annealing, stable supramolecular structure can’t be observed. After
adding a few drops of 1- Tetradecane were added to the sample, the sample has been
introduced to the STM machine. In order to induce a tunneling current, a bias voltage was
applied between the tip and sample to record images at solid-liquid interface.

We succeed to observe a highly reproducible ordered pattern of self-assemble
monolayer of Ni-C12P deposited from 1-tetradecane onto HOPG surface, in which Ni-
C12P molecule forms a distinctive lamellar structures composed of well-defined pattern of
two kinds of domains; bright and dark domains as shown in Fig. 3a-d. The bright domains
in the STM images could be attributed to the Ni-porphyrin cores, separated by the alkyl
chains which appear in the dark regions as linear features, where the two dodecyl chains are
closely packed, interacted altogether giving regular geometry®-"°. The unit cell parameters

werea =1.15+0.01 nm, b=2.68 £ 0.02 nm, y =58 £ 8 °.
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Figure 3. STM image of 2D supramolecular structure of 5,15-bisdodecylporphyrin-Ni (Ni-
C12P) on HOPG-tetradecane interface. All images were taken at Vsample = - 1.000 V and It
= 0.056 nA. a, 100 nm x 100 nm image, with schematic models drawn to elucidate the
orientation of Ni-C12P molecules b, 60 nm x 60 nm ¢, 300 nm x 300 nm d, 100 nm x 100

nm with a unit cell parameters, a=1.15+0.01 nm, b=2.68 £0.02 nm, y =58 £ 8 °.
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The driving forces by which the supramolecular structure of the Ni-C12P may be
possibly formed are molecular-substrate interaction i.e. interaction between porphyrin cores
and HOPG substrate and/or interaction between two dodecyl alkyl chains and HOPG
surface, and intermolecular interactions i.e. Vander Waals interactions.

Molecular Modeling

For better understanding regarding how Ni-C12P molecules can be aligned on both
HOPG and SWNT surfaces as an endeavor to demonstrate the observed geometries of Ni-
C12P molecules on chiral SWNT and HOPG surfaces; a number of proposed models have
been built using P- and M- (6,5) chiral SWNTs, HOPG and Ni-C12P molecule. As shown
in Fig. 4 there are three possible ways through them Ni-C12P can be aligned on the tube
surface where in the first model the molecule can be aligned linearly on the vector line |
(Type 1) as in Fig. 4a, the second one (Type II) in which the molecules are assembled on
the vector line 1l forming short helix arrays (Fig. 4b) and the third model showed that the
molecules are aligned in between the vector lines | and 11 giving long helix arrays, which

illustrated in Fig. 4c and represented by the green arrow IV in Fig. 4d.
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Figure 4. Proposed models intended to elucidate the geometries of arrays observed in Ni-
C12P / M- and P- SWNTs complexes, based on alignment of porphyrin molecules on
which chiral vector line on chiral SWNTs surfaces. a, molecules are aligned towards the
vector line | (Type I) b, molecules are assembled towards the vector line Il (Type II) c,
molecules are assembled in between the two vector lines | and Il which represented by the
green arrow IV (Type IV) d. Schematic representation showing the three possible

approaches for Ni-C12P molecule to be aligned on chiral SWNT surface altogether.
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Figure 5 shows the schematic proposed model which build to elucidate the geometries
of Ni-C12P arrays on HOPG surface in which Ni-C12P can be aligned on graphite to
display a close-packed lamellar structure. Similar alignments were observed for free base
and zinc-5,10,15,20-meso-tetradodecylporphyrins®%, in  which two dodecyl tails
physisorbed along HOPG surface.

The geometric structures of the metalized porphyrin for instance Ni-C12P formed on
the nano-carbon materials surfaces (chiral SWNT and HOPG) seem in agreement with
those which formed by the free base porphyrin C12P (chapter 2). This is an indication that,
even though by changing the molecular structure i.e. insertion a metals center to the
porphyrin ring; the handedness chirality of SWNT still can be identified using the

supramolecular structures of these organic molecules formed on the tube surface.
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Figure 5. Proposed model intended to elucidate the geometries of Ni-C12P arrays on
HOPG surface in which Ni-C12P molecules are aligned on graphite to display a close-

packed lamellar structure.

DFT Calculations

In order to establish the most favorable energetic structure of Ni-C12P / SWNT
complex; we performed some DFT calculations using long range corrected functionals
which involved in Gaussian 09 software’* for instance Minnesota functionals (M05-2X)"%3
with 3-21G basis set which can be used in the characterization of the non-local nature of
VdW interactions.

The complete set up of these calculations has been explained in details in chapter 2 in
which we used an open ended chiral P- (6,5) SWNT modeling with 2.5 nm length, 0.8 nm
in diameter (designed by our group) and composed of 222 carbon atoms and 22 hydrogen
atoms; in addition to Ni-porphyrin macrocycle ring which consist of 20 carbon atoms, 4
nitrogen atoms, 12 hydrogen atoms and one Ni atom.

All the calculations have been done using M05-2X / 3-21G theoretical level. The
frontier molecular orbitals (HOMOs and LUMOSs) and their absolute energies values in eV
of P-(6,5) SWNT, Ni-Porphyrin molecule and SWNT / Ni-Porphyrin complex are

demonstrated in table 1.
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Table 1. The frontier molecular orbitals (HOMOs and LUMOs) and their absolute energies
values in eV of P-(6,5) SWNT, Ni-Porphyrin molecule and SWNT / Ni-Porphyrin complex,

calculated using M05-2X / 3-21G theoretical level.

Since the energy of formation (binding energy) of the complex (AEcompiex) Can be

calculated using the following formula?2:
AEcomplex = Ecomplex = (EswnT + Eni-por)

where Ecomplex, Eswnt and Eni-por are the corresponding absolute energies of the complex,
SWNT and Ni-porphyrin molecule, respectively. The energy of formation of the SWNT /
Ni-Porphyrin complex (AEcompiex) has been calculated using M052X / 321G theoretical
level and found equals around -1.36 eV which is larger compared to the energy of
formation of SWNT / porphyrin complex (-5.8 eV), implying that SWNT / porphyrin
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complex is more stable than SWNT / Ni-Porphyrin complex from the energetic point of
view.

It worth to mention also that in the optimized geometric structure of Ni-Por / SWNT
complex, the Ni-porphyrin ring was bent towards the tube surface with intermolecular
distance dswnror. = 0.3 nm, taking chips shaped like structure or saddle structure (Fig. 6),
which is the same with the distance measured for porphyrin / SWNT complex and very
similar to the distance obtained for tetraphenylporphyrin (TPP) / Ceo System’™ which is 3 A

and with TPP / SWNT system” which is 3.0 <d < 3.3 A.
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Figure 6. Optimized geometric structure obtained using M05-2X functional with 3-21G
basis set for the+ non-covalent interaction of P-(6,5) SWNT / Ni-Por complex in which the
Ni-porphyrin ring was bent towards the tube surface (with intermolecular distance dswn/por.

= 0.3nm) taking chips shaped like structure or saddle structure.
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Some novel supramolecular structures formed on SWNT surface.

As a very interesting unique finding, three novel supramolecular structures have been
accidently observed, the first one in which Ni-C12P molecules can’t only form a self-
assembled mono layer on SWNTSs surface, but also can give second layer of arrays above
the first layer via n-n staking between porphyrin molecules. This is clearly appeared in
Figures 7 and 8; where half of the SWNTSs is covered by the second layer of Ni-C12P
molecules, in addition one can see the height difference between the two layers which
further confirmed by measuring the actual height of the two layers from the topographic
profile (Fig. 7¢); as first layer height is 0.2 — 0.4 nm, whilst the height of the second layer is
0.6 — 0.7 nm. Figure 7b elucidates a schematic representation for the multi-layered

supramolecular structure arrays of Ni-C12P molecules on SWNTSs surface.

a b

¢ H=0.2 - 0.3 (nm)
H,=0.6 - 0.7 (nm)




Figure 7. a, STM image of Ni-C12P / SWNTs complex on HOPG surface showing multi-
layered supramolecular structure arrays of Ni-C12P molecules on the tube surface (100 nm
x 100 nm, first layer, lt= 0.010 nm, V sample = 0.100 V, second layer, It = 0.010 nm, V sample
= 0.130 V) b, Schematic representation illustrating multi-layered supramolecular structure
arrays of Ni-C12P on SWNT surface ¢, The topographic profile showing the height of first

(H1) and second layers (H2) which are 0.2 -0.4 nm and 0.6 — 0.7 nm, respectively.

In order to obtain such kind of these images, the scanning conditions have been
modified during STM measuments; this can be shown in Fig. 8 (especially Fig. 8 ¢ and d),
as we succeed to image each layer separately. The average molecular length of the second
layer molecules was measured and equals around 3.7 nm, however the average center to
center distance for the second layer molecules is smaller than the first layer center to center
distance, this is may be attributed to Ni-C12P molecules close packing became narrow as

the interaction and staking increased between them (Fig. 8d).
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Figure 8. Large scale and high resolution STM images for multi-layered supramolecular
structure arrays of Ni-C12P / SWNTs complex on HOPG surface. All images were taken at
Vsample = 0.100 V and It= 0.010 nA for the first layer, and It = 0.010 nm, V sampie = 0.130 V
for the second layer a, First and second layers (150 nm x 150 nm) b, First and second
layers (50 nm x 50 nm) c, First layer only (50 nm x 50 nm) d, Second layer only (50 nm x

50 nm).

Formation of multi-layers of porphyrin and phthalocyanine derivatives on different flat
surface has been reported by many researches’®8!. We also found that, it is possible for free
base porphyrin (C12P) to form a second layer in some sites on HOPG surface (Fig. 5b in
chapter 2). However as the best of our knowledge; this is the first work studying multi-
layered supramolecular structure arrays on SWNTSs (curved) surface.

The second amazing supramolecular structure is depicted in Fig. 9a, in which two
SWNTs are superimposed via 7t-7t staking; the lower SWNT (marked as 1) is bundled with
upper SWNT (marked as 1l in) and become totally superimposed at part I, as it is illustrated
in the schematic representation in Fig. 9b. In addition to one can see clearly the upper
SWNT is covered with Ni-C12P molecules (part I1). For more confirmation the height of
sections 11, 1l and | has been measured and equals 0.2 — 0.3 nm, 0.3 — 0.4 nm and 0.6 — 0.7
nm. Similar phenomenon of SWNTs / porphyrin complex superimposable was also

reported by our group in a previous study®°.
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= Height of lower SWNT

— Height of upper SWNT
with C12P-Ni molecules

= Height of both

Figure 9. a, STM image of Ni-C12P / SWNT complex on HOPG surface showing
supramolecular structure arrays of Ni-C12P molecules on the surface of two superimposed
SWNTs (100 nm x 100 nm, lt= 0.010 nm, V sample = 0.100 V) b, Schematic representation
illustrating the two superimposed SWNTSs with supramolecular structure arrays of Ni-C12P
molecules ¢, The topographic profile showing the height of each tube in sections I, 1l and
Il.

The third matchless structure found for Ni-C12P / SWNT complex is distinctly
marvelous finding. Figure 10 elucidates an interesting structure of two separately SWNTSs
covered with Ni-C12P molecules, and at the same time, they are interacting altogether via

n-n staking between both molecule-molecule interactions and molecule-substrate
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interaction in addition to substrate-substrate interactions. Furthermore, the Ni-C12P

molecules are aligned in well-organized ordering.

Figure 10. Large scale and high resolution STM images of an interacted supramolecular
structure arrays of Ni-C12P / SWNT complex on HOPG surface a, (150 nm x 150 nm, l;=
0.010 nm, V sample = 0.100 V) b, (50 nm x 50 nm, lt= 0.020 nm, V sampie = 0.130 V) ¢, (20
nm x 20 nm, lt= 0.020 nm, V sampte = 0.130 V) d, (10 nm %10 nm, lt= 0.020 nm, V sample =

0.130 V).

By measuring the height difference between the two SWNTs, we found it equals
around 0.1 nm (topographic profile Fig. 11b). One more interesting point is the molecular
length, as it equals around 2.45 nm; this of course, smaller than our molecule (Ni-C12P)
length which is 3.7 nm (Fig. 4a), that means Ni-C12P molecules might physisorbed in this
situation by different behavior. As the difference in length equals 1.25 nm and this is the
same length of one dodecyl alkyl chain; so Ni-C12P molecules might be adsorbed on
SWNTs surface by only one dodecyl alkyl chain, whilst the other one may be wrapped
around the SWNTs. Adsorption of meso-alkyl porphyrin on SWNTSs surface by only one

alkyl chain was reported by N. Katsonis et al®®. The same situation happened to the other
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SWNTSs to give this unique supramolecular interacting structure. Such kind of these new

structures will be very helpful for building a novel molecular architectonics from SWNTSs /

porphyrin systems.

Figure 11. a, STM image of an interacted supramolecular structure arrays of Ni-C12P /
SWNT complex on HOPG surface (15 nm x 15 nm, lt= 0.020 nm, V sample = 0.130 V) b,
The topographic profile showing the molecular length on the upper and lower SWNTSs

surface, which equals 2.454 and 2.459, respectively; with height difference between them

around 0.1 nm.
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4.4. Conclusion

The handedness chirality of single-walled carbon nanotubes (SWNT) has been
successfully distinguished using STM imaging technique by using the supramolecular
structure of 5,15-bisdodecylporphyrin-Ni (Ni-C12P) which formed on the tube surface.
Previously we also succeed to distinguish the handedness chirality of SWNT by STM using
free base porphyrin C12P (chapter 2), furthermore in this chapter we succeed to confirm the
identification of SWNT handedness chirality using metalized porphyrin indicating that even
though by changing the molecular structure of porphyrin molecule i.e. insertion a central
metals to the porphyrin ring; the handedness chirality of SWNT still can be recognized
using the supramolecular structures of these organic molecules formed on the tube surface.
Interestingly two opposite supramolecular structures of Ni-C12P molecules have been
observed on SWNT surface, by using a mixture of two different types of chiral SWNTSs
(right handed P or plus SWNT and left handed M or minus SWNT), displaying the
marvelous effect of SWNT handedness chirality on the alignment of organic molecules on
its surfaces. In addition, surprisingly some novel supramolecular structures of Ni-C12P
have been accidently observed on SWNT surface. This vital finding effectively will
identify directly the absolute handedness chirality of SWNTSs, and being as key point for
further understanding and building a new supramolecular architectures on curved
nanocarbon surfaces, as well as can be used for designing and fabricating novel molecular

architectonics of porphyrin / SWNTSs based devices.
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Chapter V. Overall Conclusion

This work has been dedicated to study some properties of organic molecule / nano-
carbon conjugates for instance investigating and distinguishing the handedness chirality of
SWNT using scanning tunnelling microscopic imaging (for the first time) via the
supramolecular structures of some porphyrins and metal porphyrins on the tube surface, as
well as more understanding the mechanisms by which such kind of these supramolecular
structures can be formed on both the flat and curved nanocarbon materials surfaces.

In the first chapter of this thesis, we described briefly some basics and fundamentals of
molecular electronics as an effective field in the material science including single molecular
rectifier, porphyrins as efficacious components in molecular devices design. In addition to
nano-carbon materials (nanocarbons) i.e. highly oriented pyrolytic graphite HOPG and
carbon nanotubes (CNTSs) including synthesis, classification, properties, functionalization,
characterization and applications. As well as, scanning probe microscopy i.e. STM and
AFM.

In chapter Il, we succeed to investigate the handedness chirality of single-walled
carbon nanotubes (SWNT) by using STM imaging technique and DFT calculations for the
first time. This is can be achieved using the supramolecular chemistry of some porphyrin
derivatives i.e. 5,15-bisdodecylporphyrin (C12P) on the tube surface. Surprisingly, by using
two different types of chiral SWNTSs (right handed P or plus SWNT and left handed M or
minus SWNT); two opposite supramolecular structures have been observed showing the
marvelous effect of SWNT handedness chirality on the alignment of organic molecules on

its surfaces. Based on our results, it has been found that alkyl chain substituted porphyrins
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can form a well-ordered supramolecular structure on the basal plane of SWNT surfaces that
minutely maintains the Grozsek geometry with a little bit deviation. This vital finding
explicate that SWNTSs handedness chirality plays a crucial role for the molecular orientation
of organic molecules on its surface.

In chapter 11, the supramolecular structures of different central metal porphyrins i.e.
ZnPor, NiPor and CoPor were successfully observed on SWNT (HiPCO raw) surface by
using STM imaging technique and further characterized via HR-TEM and UV - Visible
spectroscopy, with the purpose for identifying the effect of metalation on the
supramolecular structures of porphyrins on SWNT surface. All the metal porphyrins can be
adsorbed effectively on the tube surface leading to well-ordered supramolecular structures
(especially in the cases of NiPor and ZnPor) on SWNT surface, as well as strong
debundling effect (especially in CoPor case) for the nanotubes. Among the three metal
porphyrins; NiPor produced the best STM resolution images.

From an energetic point of view, DFT results displayed that the stability of these metal
porphyrins complexes with the following order Ni < Zn < Co, additionally all the metal
porphyrins complexes took chips shaped like structure or saddle structure with almost the
same intermolecular contact distance between the porphyrin and SWNT surface which
equal around 3 A. Consequently by changing the central metal incorporated inside the
porphyrin ring; different supramolecular structures can be observed on SWNT surface,
which displaying the marvelous effect of different metal centers on the supramolecular

structure of porphyrins on SWNT surface.
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In chapter 1V, we succeed to confirm the identification of SWNT handedness chirality
using metalized porphyrin indicating that even though by changing the molecular structure
i.e. insertion a central metals to the porphyrin ring; the handedness chirality of SWNT still
can be recognized using the supramolecular structures of these organic molecules formed
on the tube surface. Interestingly two opposite supramolecular structures of Ni-C12P
molecules have been observed on SWNT surface, by using a mixture of two different types
of chiral SWNTs (right handed P or plus SWNT and left handed M or minus SWNT),
displaying the marvelous effect of SWNT handedness chirality on the alignment of organic
molecules on its surfaces. In addition, surprisingly some novel supramolecular structures of
Ni-C12P have been accidently observed on SWNT surface.

Ultimately, as a whole conclusion, hopefully by the aid of this study and these vital
findings, it will be obvious to identify directly the absolute handedness chirality of the
SWNTs, and being as key point for further understanding and building a new
supramolecular architectures on curved nanocarbon surfaces, as well as can be used for
designing and fabricating novel molecular architectonics of porphyrin / SWNTs based

devices.
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