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ABSTRACT

Theoretical-Experimental Molecular Engineering to Develop Nanodevices
for Sensing Science. (May 2011)
Norma Lucia Rangel, B.Sc., Universidad Industrial de Santander

Chair of Advisory Committee: Dr. Jorge M. Seminario

Molecular electrostatic potentials (MEPs) and vibrational electronics
(“vibronics”) have developed into novel scenarios proposed by our group to process
information at the molecular level. They along with the traditional current-voltage
scenario can be used to design and develop molecular devices for the next generation
electronics. Control and communication features of these scenarios strongly help in the
production of “smart” devices able to take decisions and act autonomously in aggressive
environments. In sensor science, the ultimate detector of an agent molecule is another
molecule that can respond quickly and selectively among several agents. The purpose of
this project is the design and development of molecular sensors based on the MEPs and
vibronics scenarios to feature two different and distinguishable states of conductance,
including a nano-micro interface to address and interconnect the output from the
molecular world to standard micro-technologies.

In this dissertation, theoretical calculations of the electrical properties such as the
electron transport on molecular junctions are performed for the components of the sensor
system. Proofs of concept experiments complement our analysis, which includes an
electrical characterization of the devices and measurement of conductance states that
may be useful for the sensing mechanism. In order to focus this work within the very
broad array between nanoelectronic and molecular electronics, we define the new field
of Molecular Engineering, which will have the mission to design molecular and
atomistic devices and set them into useful systems. Our molecular engineering approach
begins with a search for an optimum fit material to achieve the proposed goals; our

published results suggest graphene as the best material to read signals from molecules,
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amplify the communication between molecular scenarios, and develop sensors of
molecular agents with high sensitivity and selectivity. Specifically, this is possible in the
case of sensors, thanks to the graphene atomic cross section (morphology), plasmonic
surface (delocalized charge) and exceptional mechanical and electrical properties.
Deliverables from this work are molecular devices and amplifiers able to read
information encoded and processed at the molecular level and to amplify those signals to
levels compatible with standard microelectronics. This design of molecular devices is a
primordial step in the development of devices at the nanometer scale, which promises
the next generation of sensors of chemical and biological agents molecularly sensitive,

selective and intelligent.
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H bond lengths with respect to the equilibrium geometry yield the
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(A) The TIAME-co-IME series chip from ABTECH Scientific, Inc.
used for the experiment. It contains a total of seven gold electrodes in
two different configurations: electrodes 2 and 3 are the interdigitated
microsensor electrodes (IME) configuration and 4, 5, 6, and 7 are the
independently  addressable =~ microband  electrodes  (IAME)
configuration. The chip dimensions are 1.0 cm x 1.0 cm x 0.05 cm.
Each electrode is 3 mm long, 2 um wide, with 1-um spacing between
electrodes. (B) TTP4 Cryogenic Probe Station (Desert Cryogenics,
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of vitamin contaminated with side products is expected with the ends
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CHAPTER 1
INTRODUCTION

1.1  Importance and Goals of This Research

Molecular electrostatic potentials (MEPs) and vibrational electronics
(“vibronics”) are novel scenarios to process information at the molecular level that along
with the traditional current-voltage scenario can be used to design and develop
molecular devices and systems.

Successful control and communication features between scenarios would yield to
“smart” devices able to take decisions and act under certain difficult conditions.
However, molecular potentials are still unreadable and non-approachable by any present
technology. It is known that the proper assembly of molecules can result in a numerical
processing system based on digital or even analogical computation. Thus, the outputs of
molecular processing units need to be read and amplified in order to be interfaced
through standard electronics and useful for nanotechnology.

On the other hand, the size of the device is of important consideration, for
example, in sensor science, the ultimate detector of a molecule is another molecule that
can respond quickly and selectively to several agents; therefore, a nano-micro interface

is needed to interconnect the output from a molecular device to standard technologies.

Molecular  vijbronics  Current Amplifier
Potentials Voltage

ANo-micro
Interface

Fig. 1. Three major goals of this research.

This dissertation follows the style of Science.



In summary, this research is a molecular engineering project that comprises three
major goals (Fig. 1): first, an understanding of how the three molecular scenarios for
processing information, MEPs, vibronics and current-voltage can be implemented to
operate, control and communicate in the device, in such a way that allows the
development of smart devices; the second goal is to design and develop a nano-micro
interface able to read and amplify information and signals encoded and processed at the
molecular level to current technologies. Thus, this interface amplifies signals from
nanoscale devices to levels compatible with standard microelectronics. Finally, as a
direct result of this project, an outcome of devices and sensors is expected with high
selectivity and sensitivity that will contribute to the scaling down and performance in

nanotechnology and improvements in conventional engineering applications.

1.2  Background and Significance
1.2.1 Vibronics

When a signal is injected into a molecule, the vibrational mode of the atoms
around the injection point changes affecting the atoms in the molecule that are bonded to
each other; frequency changes in vibrational states of the molecule trigger different
movement of atoms, whose frequencies are transferred to their neighbor atoms by means
of bond bendings, bond stretchings, Van der Waals and coulombic interactions between
charges, etc. (/). Thus, using vibronics, the signals are transferred through molecules (2,
3). When an atom in a molecule is displaced, a displacement signal is transmitted
through the molecule by the vibrational modes. This is similar to the case of a mass-
and-spring system, where a displacement from equilibrium experiences a proportional
restoring force. This effect also occurs when an external stimulus is applied by another
molecular vibration or potential in the neighborhood.  Furthermore, an atom
displacement introduces a change in the distribution of the molecular electrostatic

potential.



1.2.2 Molecular Electrostatic Potentials

Molecular potentials offer the opportunity to use the art and science of chemistry
to build molecules as electronic devices. As it stands, until a new technique to fabricate
molecular circuits and transmit information between molecules is discovered, perhaps
there is no other alternative than using the molecular potentials for the encoding and
processing of information in of molecular electronic systems. Currently, we must rely
on molecular potentials to develop systems that can continue the tremendous scaling
down of photolithography in the massive fabrication and wiring of silicon based circuits.

It has been demonstrated using reliable ab initio techniques that information can
be encoded using molecular electrostatic potentials (MEP) (4-12). This represents a new
alternative to the standard charge-current approach used in standard electronics. Few
molecules were found to function as molecular OR- (/3) and AND logical gates (3).
Present computers perform calculations reducing the information to binary notation
whereby the only two binary digits (bits) are 1 and 0, which can be also assigned to pairs
of logical variables or states such as TRUE or FALSE, ON or OFF, HIGH or LOW,
POSITIVE or NEGATIVE, respectively. In binary notation the number nine is written
as 1001, requiring at least four binary digits (bits). Operations between binary variables
are performed using logical gates such as the NOT, AND, OR, etc. For instance the
simplest one is the NOT which outputs a 0 if the input is 1 and yields 1 if the input is 0.
The AND gate has two or more inputs and the output is 1 if all inputs are 1 and O is any
input is 0. The OR gate yield a O when all inputs are zero and 1 when any input is 1.
Interestingly, these gates can be combined to make adders, multipliers, integrators, etc.
In principle we can do numerically any operation that we can imagine. Recently, it has
also been demonstrated that the output of two molecular OR-gates can be used as the
input of a third molecular OR-gate, thus opening the possibility to implement complex
molecular electrostatic potential circuits using simpler molecular logic gates. All these
earlier calculations were performed with the molecular gate at vacuum and triggered by
the electrostatic potential of small molecules as inputs to the gate. We showed how the

substrate affects the molecular electrostatic potential device. We tested substrates on a



molecule, which had been demonstrated to be an OR-gate in vacuum (3). The effect of
the substrate on the molecular devices is of paramount importance for the theoretical

proof-of-concept of this new scenario for molecular computing.

1.2.3 Molecular Orbital Theory

Short highest occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gaps (HLG) (i.e., low hardness, high softness) are indicative of poor
stability of the wavefunction, which worsens in stability as an external field is applied to
the molecule. The localization of molecular orbitals (MOs) and the enlargement of

HOMO-LUMO gaps suggest poor conduction in determined transport paths (14, 15).

1.3 Sensor Devices

A sensor device is a transducer of a physical or chemical quantity into an
electrical or optical signal. Sensors of physical parameters such as temperature,
pressure, magnetic fields, forces, etc. can be encapsulated to avoid the effects of the
environment; however, parameters of chemical sensors are concentration of substances
which can be several in a single sample (e.g. air, blood), thus the sensitivity of the sensor
is a challenge along with the durability due to interfering substances and environmental
effects of factors such as light, corrosion and reactivity. Therefore, sensing science is a
multidisciplinary field that pursuits the development of new devices with high selectivity
and sensitivity, enabling rapid analysis, durability and reduced costs.

There are several types of chemical sensors: conductive type sensors are based
on measurements of material resistivity. They are used usually employed to sense gases
but with poor selectivity due to the reactivity of the materials with the environment.
Electrochemical sensors are used for pH measurements and gas detection, but there are
limitations in fabrication, costs and usability time of the device due to the consumption
of the electrodes; they can be fabricated in batches and allows the scaling down of sensor

devices; however, for the conductivity sensors, electrochemical sensors are not suitable



for aggressive environments. High sensitivity sensors has been developed using mass
sensitive devices such as nano-electromechanical and resonator devices. For harsh
environments absorption and emission of electromagnetic radiation has been used in
optical sensors, among them, fiber optic, photo-acoustic sensors, luminescence, etc.
Also, calorimetric sensors have been used to detect exothermic biochemical reactions
based on the thermal energy released.

Graphene has been demonstrated to act as a resonator, transducer, signal mixer
and high sensitivity and selectivity sensors, thanks to the exceptional intrinsic electrical,
mechanical and thermal properties for applications in sensing science as an optimum
material for each different type of sensor; the convenient fabrication of the devices, and
atomic cross section allow graphene to be the perfect material for measurement of

chemical and physical parameters.

1.4  Summary and Outline of This Research

This research project is a combination of proof of concept experiments and
molecular analysis and simulations to design and develop molecular sensors of chemical
and biological agents. The aim is to design sensors of chemical agents with high
sensitivity and selectivity, based on novel molecular scenarios such as vibronics and
molecular electrostatic potentials. Detected signals from the agent molecule are
amplified using the conventional current-voltage characteristics of the sensor material,
whereby different states of conductance, theoretically calculated or experimentally
measured, are used as sensing mechanism.

In Chapter II we begin defining the molecular engineering approach, with a brief
description of the overall theory and experiments carried out in this dissertation. A
summary of the molecular orbital theory, quantum-mechanical methods and formalisms
for the calculation of single molecule conductance are shown. Proof of concept
experiments in this research project consist of chip fabrication, assembly of the sensor

material on the chip, morphological characterization of the device and testing of the



sensing performance through current-voltage characteristics; each step, along with the
tools and methodologies are shown in the second section.

In Chapter 111, the search for an optimum fit material to achieve our goals begins
with the attempt to use long biomolecules such as DNA chains and DNA origami as
sensors. Our published work on the electronic characterization is shown. However, the
high impedance and reactivity of the DNA samples found, along with the challenging
reproductively fabrication of the devices moved our interest to graphene, whose
properties, fabrication methods and applications are deeply discussed in Chapter IV and
whereby its implementation as sensor material and focus of our study is shown through
the dissertation.

Chapter V starts with and study of the substrate effect on a MEP-based molecular
OR-gate as a design variable, then the amplification of the output signals is shown using
an aza-OPE molecule and graphene ribbons through changes in its current-voltage
characteristics, which is one of the proposed goals of this research along with the
communication between scenarios that is covered on Chapter VI using graphene ribbons.
The effect of the molecular vibrations on the electrostatic potential spatial distribution is
amplified through current voltage characteristics transversally calculated using graphene
electrodes.

Application examples of the theory-experiment molecular engineering approach
are shown in Chapter VII where the molecular engineering approach is applied to study
molecular devices theoretically and experimentally. Based on our published work,
switches as application examples are shown, first, a light activated molecular switch
device based on vitamin D3 and second, the chapter closes with the switchability of a
gold nanoparticle film activated by an external mechanical force and conformational
changes of the linker citrate molecules.

In Chapter VIII, developed graphene sensors using vibronics and plasmonic
scenarios are described. The changes in conductance of the graphene ribbons are

explored when chemical agents are adsorbed on the plasmonic surface of graphene; we



base our analysis and results based on molecular orbitals and calculations of the junction
conductance.

In Chapter IX a nonlinear behavior of the conductivity transversally calculated
for few graphene layers is found and allows the detection of variable frequency signals
and applications for novel highly sensitive sensor devices of terahertz fingerprints of
molecular agents.

Finally, in Chapter X, we state our conclusions and provide suggestions for

future work.



CHAPTER 11
MOLECULAR ENGINEERING - A THEORY/EXPERIMENT APPROACH

The proposed research methodology is a combination of proof of concept
experiments and molecular modeling to perform “molecular engineering” as is shown in
Fig. 2; the novel molecular potentials and vibronics as well as the common current-
voltage scenarios are used to design and develop nanodevices able to sense chemical and

biological agents and perform logic operations.

*«  Molecular Electrostatic Potentials
¢ Vibronics
*  Current —Voltage characteristics

* DFT Implementation,

* TD-DFT communication and control
* Electron transport

development
= |
Experimen
RE 21 * Sensors
Proof of concepts +  Electronic devices
*  Device fabrication Optimum fit search
* Characterization
«  Morphology * Carbon based : Graphene
e Electronic * Biomolecules
properties *  QOrganic molecules

* Inorganic thin films

Fig. 2. Molecular engineering approach and research plan to design and develop nanodevices for
sensing science. Using molecular modeling and proof of concept experiments the design and
development of devices operated by molecular scenarios and engineered materials that allow
interfaces from nano to macro technologies at the molecular level. Developed devices are used and
implemented to improve nanotechnology and conventional engineering applications.

One of the project requirements is to study materials and molecules constituting a

sensor system and to find and suggest the best fitted material for convenience,



sensitivity, selectivity and efficiency to be used as detectors or base material in the
device.

Integration of novel and traditional scenarios to develop nano-devices allows an
upgrade of conventional engineering applications with modern nanotechnologies such as
molecular-electronics, which can be applied to develop devices for the post CMOS era,
solar cells, catalysis, sensing, chemical and biological defense and security,
biotechnology, medicine and photo-electronics. A scheme of the research plan and
design to achieve the proposed goals is shown in Fig. 2.

In this chapter, a description of the theory and experimental approach used this
dissertation is described. First, quantum mechanics methods and the formalism of the
theoretical calculation of electrical properties for finite and infinite systems; level of
theory implemented such as methods and basis sets; and single molecule conductance of
molecular junctions is described; followed by the overall experimental approach, which
includes a description of the techniques to fabricate electrodes of the sensor, the
assembly of the sensor material on the device, morphology of the devices by microscopy
techniques and finally a description of the electrical characterization of the fabricated

devices.

2.1  Theoretical Calculations

Two types of molecular systems are used in this dissertation: single molecules
with a finite number of atoms and junctions combining finite systems (molecules)
absorbed on metallic contact tip (bulk).

Electronic properties of finite systems are obtained using quantum chemistry by
solving the Schrodinger equation, applying appropriate correlation and approximations
factors as is done for example using density functional theory (DFT). Combined Green
function theory (GF) and DFT are used to calculate the conductance of electrode-

molecule-electrode junctions.
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2.1.1 Ab initio Molecular Orbital Theory
The energy and electrical properties of a molecule can be predicted by solving

the Schrodinger equation
HY=EY¥Y (1

which describes the wavefunction ¥ of the particles in the system, and where E
is the energy of the molecule and H is the Hamiltonian operator.
The full Hamiltonian is made up of kinetic (T) and potential (V) energy terms

and can be written as:
H=T+V = T +T*(R) + V"¢(R,7) + V¢(¥) + V"(R) (2)

The nuclear kinetic energy term in Eq. 2 can be neglected using the Born-
Oppenheimer approximation which considers that the mass of the nuclei is greater than
the electron mass and thus moves very slowly with respect to the electrons.

Using proper boundary conditions and approximations; each possible solution of
the time-independent Schrodinger equation correspond to a different stationary state of
the system, the one with the lowest energy is considered the ground state.

The spatial wavefunction is independent of time and function of the positions of
the electrons (7;) and the nuclei (R—,), should be normalized and anti-symmetric. To
calculate the electronic properties of a system the wavefunction is a determinant of
molecular orbitals (MOs) and spin functions “spin orbital”. MOs can be expressed as
linear combinations of the atomic orbitals that are one-electron functions known as basis

functions y.

2.1.2 Basis Sets
In this work, Gaussian functions are used to form a complete set of functions,

and have the general Cartesian form as:
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g(a, ) = cx"ymzle~ar* 3)

where n, m and 1 are nonnegative integers, o is a positive orbital exponent, c is a
normalization constant, r is the radial coordinate and x, y and z are the cartessian
coordinates which origin is at the nucleus. Linear combinations of these primitive
gaussians are used for the calculations and are called contracted Gaussian functions with

the form:

Xu = Zp dupgp (4)

where d;, are fixed constants within a given basis set.

The Gaussian basis functions usually include additional primitives to include
polarization and diffusion functions.

In this dissertation basis sets such as the 3-21G (/6), 6-31G(d) (I7) (I8), 6-
31G(d,p) (17, 18) and cc-pVTZ (19) are used for first and second (and some third) row
atoms, when heavier atoms are part of the calculation, Los Alamos National Laboratory

(LANL2DZ) basis set (20, 21) is used.

2.1.3 Hartree Fock

Hartree Fock theory searches for a local minimum, by finding the set of
coefficients that minimize the energy of the wavefunction.

The Fock matrix represents the average effects of the field of all the electrons in
each orbital and as the orbitals depend on the molecular orbital expansion coefficients,
thus the self-consistent method (SCF) is used. At convergence the energy is at a
minimum and the orbitals generate a field which produces the same orbitals.

However, Hartree Fock method does an inadequate treatment of the correlation
effects due to motion of electrons; causing large errors.

In this work, geometry optimizations are systematically carried out from the less

expensive ab initio methods such as Hartree-Fock (HF), to density functional theory
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(DFT) (22) methods, which include electron correlation in a very efficient way. Second
derivatives of the energy yielding the Hessian are also needed to obtain molecular

vibrations.

2.1.4 Density Functional Theory

Calculations of the wavefunction are computationally expensive and only
feasible for small systems. Density functional theory allows the introduction of the
electron correlation and the study of larger systems. DFT is based on the first
Hohenberg-Kohn (1964), which establishes that properties in the ground state are
functionals of the electron density.

In 1965 Kohn-Sham demonstrated that the electron density of a molecular system
of interacting electrons can be represented with the electron density of an equivalent

system of non-interactive electrons subjected to an effective potential.

2.1.5 Hybrid Methods

The DFT B3PW91 hybrid functional includes a combination of the Perdew-
Wang-91 (23, 24) and has shown good energetics predictions (25, 26) but the M05-2X
meta functional has a larger range electron correlation that improves the performance for
nonbonded interactions and m-m stacking (27), showing good binding energies and
geometry optimizations of molecules non-covalently bonded and stacking order,
therefore, M05-2X is used for non-bonded interactions and B3PW91 for bonded systems

and total energies.
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2.1.6 Molecular Electrostatic Potentials Calculations
Molecular potentials are calculated from the nuclei and electron density
contributions. The electron density p(r) is obtained by adding the density of each

occupied molecular orbital and is defined as:

—

P(E)= N[y, i i W By T, - dy 5)

where w(7,7,-7,) and w*(7,%,---7,) are the wavefunction and its complex

conjugate and N is the total number of electrons.

Equation 5 reduces to:

N 2
pF )=o) (©)

The MEP, V(F), is calculated from the nuclei and electron density contributions

(29),

V()= Zm-n [0 e @

|7 —F

where Z; is atomic number of atom i located at I_?)l-.
In this work, all finite system calculations are performed using the program

GAUSSIAN-09 and earlier versions.
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2.1.7 Single Molecule Conductance

Extensive theoretical and experimental effort has been invested in the
understanding of electron transfer mechanisms in single organic molecules due to their
potential applications in nano-scale electronic systems (/5). It has been found that the
current running through the molecule is the sum of the contributions from all molecular
orbitals each presenting a barrier to electron transport equal to their energy difference
from the Fermi level of the contacts. Since a molecule is the fundamental component of
a programmable molecular array, the electrical characteristics of the molecule, especially
the current-voltage characteristic, are the major design parameters for the programmable
molecular array (29).

The continuous electronic states of macroscopic contacts affect the discrete
electronic states of isolated molecules calculated by solving the Schrodinger equation,
thus, a combination of Density Functional Theory and Green function theory (DFT-GF)
is used to obtain the electrical properties of the metal-molecule-metal junction.

After a geometry optimization of the extended molecule using quantum
chemistry techniques to determine the electronic properties of the extended molecule, a
bias voltage is applied to the molecule. During the field calculation, the geometry of the
molecule is kept the same as the one without field.

The partial density of state (DOS) is calculated using Crystal 06 for the
electrodes, and the sets for each bias voltage of the Hamiltonian and overlap matrices
obtained using Gaussian 09 are entered in our in situ developed program, GENIP which
executes the combined DFT-GF formalism to obtain the current-voltage characteristics
of the junction by considering the local nature of the molecule as well as the non-local

features of the contacts.

2.2 Experimental Set Up
The development of nano-devices proposed in this project includes several

fabrication techniques depending on the necessity, dimensions, and purpose of the
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device. Once the chip is fabricated with an appropriate morphology, the sensor material
is assembled and the sensor performance is studied by an electrical characterization, as is

described in the following sections:

2.2.1 Device Fabrication

A general description of the fabrication techniques and characterization is
summarized in this section, however further details are provided as corresponds or
needed in each chapter.
2.2.1.1 Chip fabrication

Nanolithography techniques including photolithography and electron beam
lithography have been used to fabricate the chips. Basically, the chips structure consists
of pairs of metal electrodes on insulator substrates and small gaps between them where
the sensor material is assembled allowing isolation to perform the -electrical
measurements of the studied material.
2.2.1.2 Assembly of sensor material

Similarly, depending on the material used or studied between the electrodes, a
different technique in each case is used and optimized upon success. Thus far, cleavage
of graphene layers using the ‘“scotch tape” technique, dielectrophoresis of DNA
molecules and self-assembled monolayers of organic molecules are some of the
procedures carried out in the fabricated devices. More details about assembly

procedures will be described in each section as corresponds.

2.2.2 Device Characterization
2.2.2.1 Morphology

The fabricated devices are characterized morphologically before and after the
assembly of the sensor material. Tool for morphology characterization include optical
microscopes, scanning electron microscopy (SEM, JSM-6400, JEOL) and a Nanoscope

IITa-Multimode atomic force microscope (30) from Digital Instruments. AFM
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topographic images are obtained using a close contact mode with standard silicon nitride
cantilevers (Nano World).
2.2.2.2 Electrical characterization

An electronic characterization of the devices is usually performed using a probe
station (Lakeshore Cryogenic probe station) (3/) shown in Fig. 3. In order to exclude
environmental influence, the sample is placed inside a high vacuum (about 107 torr)
chamber during measurements. Temperature is kept constant and may be controllably

varied using liquid nitrogen and a sensor attached to the sample holder.

(A) (B)

Fig. 3. (A) Molecular engineering lab. Probe station, pump, semiconductor analyzer and liquid
nitrogen Dewar flask. (B) Four probes, 3 pm diameters.

In order to measure the electrical characteristics, a HP4145A semiconductor
parameter analyzer (32) to control the applied voltage for I-Vs. The oscilloscope (TDS
5104) (33) and function generator (AFG 3252) (34) are used to measure the impedance
of molecules, and to introduce AC signals of frequencies up to 5 MHz to the fabricated

devices.
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CHAPTER 111
OPTIMUM FIT MATERIAL FOR NANO-MICRO INTERFACE - DNA"

A materials study is required in this project to find the best fit material to achieve
our main goal of amplification of signals from molecules, and the development of
sensors. High sensitivity and selectivity of the chosen material is needed and
appropriate lengths (nano-micro sizes) to achieve molecular sensitivity and facilitate the
assembly on micro-sized chip gaps. Therefore, a screen of materials has been performed
in this dissertation and is described through each chapter. Materials considered include
large chain molecules such as DNA (35), DNA origami (36, 37) and alpha glycine (38);
carbon based materials such as carbon nanotubes (39) and graphene (40-42); organic
molecules such as the 4,4'-(diethynylphenyl)-2'-nitro-1-benzenethiolate (43),
octyltrichlorosilane , and the 7-dehydrocholesterol (precursor of vitamin Ds) (44); and
thin films of metal nanoparticles (45). Special emphasis is made on graphene in this
dissertation due to its exceptional performance and capabilities to achieve the proposed
goals, consequently is the focus and main material for the developed sensors of this
research. This chapter covers the study and electrical characterization of DNA chains

and origami DNA.

31 DNA
There has been considerable interest in developing electrical circuits with DNA

(46, 47). DNA electronics take advantage of the tunneling and quantized capacitance in

" Parts of this chapter are reprinted with permission from:

- Impedance measurements on a DNA junction, by S. Hong, L. A. Jauregui, N. L. Rangel, H. Cao, S. Day,
M. L. Norton, A. S. Sinitskii, and J. M. Seminario, 2008. J. Chem. Phys., 128, 201103. Copyright 2008
by the American Institute of Physics.

- DNA origami impedance measurement at room temperature; by A. D Bobadilla, E. P Bellido, N. L
Rangel, H. Zhong, M. Norton, A. Sinitskii, and J. M. Seminario; 2009. J. Chem. Phys., 130, 171101.
Copyright 2009 by the American Institute of Physics.

- Current-voltage-temperature characteristics of DNA origami; by E. P Bellido, A. D Bobadilla, N. L
Rangel, H. Zhong, M. Norton, A. Sinitskii, and J. M. Seminario, 2009. Nanotechnology, 20, 175102.
Copyright 2009 by the IOP Publishing.
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the phosphorus bridges and base pair hydrogen bonds (48). Thus, DNA electric circuits
will be able to provide benefits in terms of miniaturization, low power consumption,
high efficiency, and low heat generation (49). A significant amount of research has been
performed in the past decade on DNA-based field effect transistors (50) and DNA
electronic sensors (57). Singh et al. reported low frequency DNA devices such as a
transistors (52) that reached a maximum channel current of 1.8 pA for a gate voltage of
10 V at 120 KHz. Subramanyam et al. reported low dielectric loss values ranging from
0.11 dB at 10 GHz to 0.5 dB at 30 GHz in DNA thin films (53). Furthermore, DNA has
been used to fabricate organic light-emitting diodes (OLED) using thin film techniques
(54) and electro-optic (EO) waveguide modulators using DNA biopolymers (55).

3.1.1 Impedance Measurements on a DNA Junction

Electron transfer through DNA molecules has been studied intensely in recent
years. There have been many attempts to reveal the electrical nature of DNA using
various methods such as radiochemical (56), electrochemical (57), colorimetric (58), and
chemiluminescent methods (59). DNA electrical properties have also been obtained
from conductance measurements of DNA using an 18 base-pair double-stranded DNA
(60), from the resistance measurement of DNA trapped by electrophoresis methods (61),
and from temperature dependent conduction measurements (62). Furthermore, research
on DNA conductance reported metallic (63), insulating (64), semiconducting (65) and
even induced superconducting (66) behaviors. This does suggest that electron transfer
through DNA is very sensitive to the experimental environment thus making
experimental results a controversial issue.

The electrical behavior of DNA shows different results depending on DNA
sequence (67) due to the ionic conduction of any residual buffer used in sample
preparation (68). Salt trapped between DNA molecules was reported as a possibility to
increase conductance (64). While several experiments (69-71) have been performed to

characterize the steady-state direct current (DC) current-voltage (I-V) properties of
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DNA, only a small number of experiments (72, 73) have focused on alternating current
(AC) characteristics of DNA.

Here we focus our study in the AC characteristics of DNA because any useful
behavior of molecules as devices would need to deal with AC signals. We use one
micrometer long DNA attached to multi-thiol terminated G3 polyamidoamine
dendrimers to interconnect to the two metal electrodes.
3.1.1.1 Experimental set up

The chip consists of 20 pairs of gold electrodes, each pair with 400 nm gaps
fabricated by standard electron-beam lithography and lift off process (Fig. 4). Layers of

20 nm gold and 1 nm titanium are deposited on SiO,/Si substrates.

Fig. 4. Scanning electron micrograph image of the gold electrodes with finger-shaped gap of ~400
nm shown in the inset.

Randomly sequenced double stranded DNA (ds-DNA) ~1 um long (3,167-base
pairs) is modified with multi-thiol dendrimer at both ends to increase connectivity to the
gold electrodes. The DNA solution is diluted to 1:4 ratio with 25 mM EDTA buffer
solution (pH =7.4). The final concentration is ~17 ng/ul.. An additional 1 pL of 0.5 M
N-hydroxylamine is added for deacetylation of multi-thiolated groups. Then, the DNA
solution is incubated for 30 minutes at room temperature. Before DNA exposure, the
electrodes are carefully cleaned using ultrasonic bath with acetone for 2 minutes, and

then washed with de-ionized (DI) water several times.
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During DNA immobilization, the dielectrophoresis (DEP) method (74) is used to
stretch DNA molecules. A DEP field of AC voltage of 2 V., is applied, which plays an
important role to strengthen the DNA samples and increase the possibilities of having
DNA samples connected to the electrodes. Then, 2 pul. of DNA solution are poured onto
the chip. The frequency of the field is set to 1 MHz for 1 hour. Once each chip has been
treated accordingly, the electrodes are rinsed thoroughly with deionized water. This
process is repeated three times. Upon completion, the electrode is incubated at room
temperature overnight at a clean room facility.

The DNA sample attachment to the electrodes is confirmed using AFM
characterization; DC bias voltage yield the current response of the DNA material and the
impedance of DNA is measured using AC bias as is described in Chapter 11.

Electrode AFM images before (Fig. SA) and after (Fig. 5B) DNA deposition,
show the gaps filled with DNA chemically attached to the gold electrodes through

dendrimers.

(A) (B)

Fig. 5. Atomic force microscope images of a pair of gold electrodes before (A) and after (B) DNA
deposition.

The I-V characteristics are measured to evaluate the electrical behavior of the
junction before and after DNA deposition to the electrodes. Measurements are
performed at room temperature. The resistance is in the 50 TCQ range before and after

DNA deposition.
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3.1.1.2 Results
Fig. 6 shows the noisy behavior of the chip impedance in the absence of DNA.

The addition of DNA to the gold chip makes the components, and thus the module of the
impedance smoother and more stable. The imaginary component of the impedance
(reactance) oscillates from inductive to capacitive behavior when there is no DNA on the
chip, but it is smooth and practically keeps capacitive behavior when the DNA is placed

on the chip.
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Fig. 6. Impedance in Q, plots for the gold electrodes (A) real and (B) imaginary parts. Before
deposition (solid line) and after deposition (discontinuous lines).

Due to the extremely high impedance for DC bias, the results of the experiment
suggest that the current voltage characteristics of the DNA system are similar to that of a
good insulator. However, the impedance shows strong frequency dependence, it
increases from 281 Q at 2 MHz to 1302 Q at 7.5 MHz for the gold junction. Thus, we
can conclude that DNA can be detected using the impedance spectrum response

characteristic.

Furthermore, taking advantage of the lower resistances of DNA film at MHz,
DNA based materials could be used for circuits at frequencies in the order of tens of

MHz.
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3.1.1.3 Summary and conclusions

One micrometer double stranded DNA molecules are immobilized between pairs
of gold with gaps of 0.4 um, and their electrical characteristics are determined under the
application of constant and sinusoidal bias voltages.

Due to their extremely high impedance for constant voltage bias, the samples of
DNA are excellent insulators; however, their impedance show strong frequency

dependence in the range of 10 Hz to 7.5 MHz.

3.2  DNA Origami

DNA has the capability to assemble spontaneously in supramolecular aggregates,
“DNA origami” and has been exploited to design well defined nanostructures, 3D shapes
like a cube (75), an octahedron (76) and 2D shapes ranging from simple structures such
as squares, rectangles, triangles to more complex ones (77); the specific base pairing of
nucleic acids allows the design and fabrication of DNA-based devices for electronics,
computing and medicine applications (78-80). In this case, a single strand of M13mp18
virus as scaffold is used; the triangular DNA origami is produced following the
Rothemund’s method (87/) by Dr. Norton at Marshal University, the structure has
approximately 90 nm per side.

The electrical characterization and potential application as sensor material for the
proposed nanodevices is performed, the alternating current impedance at room
temperature (37) and the temperature dependence (36) of the current through the

triangular DNA origami in buffer solution is studied.

3.2.1 Experiment Methodology

Using a silicon wafer with 200 nm layer of silicon dioxide as substrate, 20 nm of
platinum are deposited via electron beam evaporation using a conventional electron
beam lithography process to fabricate the electrodes. Each chip consists of four

platinum electrodes as shown in Fig. 7A; the left and right electrodes are separated by a
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100 nm gap and the bottom and top electrodes are positioned at 2 um from the narrow

gap as shown in Fig. 7.
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(A) (B)

Fig. 7. Four-electrodes chip images using scanning electron microscope (SEM). Top and bottom
electrodes are used for electrophoresis and left and right electrodes to apply the AC and DC bias.

The area shown in Fig. 7B is covered with 0.1 uL of 1 n-mole per liter of
triangular DNA origami (Fig. 8) in 1x tris-acetate-EDTA (TAE) buffer using a
micropipette. The deposited layer covers completely the 100 nm gap and the thickness

is the gap depth 20 nm.
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Fig. 8. Single strand chain of DNA used to create the triangle structure of the origami DNA and an
example of the sequence used in one of the corners of the origami DNA (81).
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3.2.2 Results: DNA Origami Impedance Measurement at Room Temperature

After the solution is deposited, an electric field produced by AC voltage of 2 V.,
is applied for dielectrophoresis purposes between the top and bottom electrodes to help
the orientation of the triangular origami on the 100 nm gap. The experiments are carried
out as described in Chapter II.

The DC electrical characterization is performed applying a voltage across the left
and right electrodes, a HP4145A semiconductor parameter analyzer (32) is used to apply
a linear sweep voltages from -10 to 10 V and with sweep time of 1 s. As a control
experiment we perform a DC and AC electrical characterization to the buffer solution
deposited on a similar chip.

Fig. 9 shows the current-voltage characteristics of the chip before and after
deposition of the DNA sample. A behavior similar to hysteresis, typical at the

nanoscale, is observed due to the sweep frequency of 1 Hz.
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Fig. 9. Current-voltage characteristics of the chip before and after the deposition of the triangular
origami DNA sample. Resistance before (1) deposition is ~400 GQ and after (2) deposition is ~ 20
GQ.
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As a zero-order approximation we consider the impedance of the DNA sample is
parallel to the substrate impedance due to geometrical considerations, one on top of the
other with a field applied transversally to both. Table 1 shows the results of the
impedance of the DNA sample when AC voltages are applied to the junction. The real
and the imaginary parts of the impedance, resistance and reactance respectively, show a
conducting behavior for frequencies higher than 100 kHz. Notice that in all cases the

reactance is capacitive.

Table 1. Impedance values for the chip before and after deposition. Z.;, and Z;,.pna are directly
measured from the experiment and Zjpy, is obtained assuming a parallel configuration between the
DNA and the chip.

Frequency  Zchin(MQ) ZchinsDNA(MQ) Zpna(MQ)

Resistance Reactance Resistance Reactance Resistance Reactance
107 7.551 -251.552 17.165 -116.608  53.667 -212.587
10° 24.101 -28.164 15.864 -13.678 40.419 -23.180
10* 9477 -14.650 6.944 -9.029 23.268 -22.309
10° 0.031 -2.060 0.124 -1.497 1.404 -5.231
10° -0.011 -0.187 -0.006 -0.146 0.029 -0.657
10’ -0.003 -0.012 -0.002 -0.010 -0.003 -0.050

The silicon dioxide substrate is a dielectric material with a low capacitive value
and therefore with high impedance behavior at low frequencies, which have an effect in
the nano and molecular response.

Fig. 10 shows the amplitude and phase of the impedance; the DNA impedance
decreases and the capacitive effect at low frequencies tend to a resistive behavior at high
frequencies. However, all data is consistent with an entangled behavior of the DNA
origami and its substrate. Thus the determination of an intrinsic behavior of the
molecular part of the junction is not possible as the DNA cannot be fully disentangled
from the characteristics of the environment, the actual junction substrate in this case. It

is expected that molecules are used to change the characteristics of substrates but we
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cannot know its intrinsic characteristics. This makes the design of molecular circuits

more complex than the design of present circuits based on lumped devices.
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Fig. 10. (A) Amplitude and (B) phase of the chip (dashed line), DNA and chip (dotted line) and the
origami DNA (solid line) impedance.

Using a designed DNA origami we are able to transmit AC signals and determine
the impedance of the deposited origami, which give us an idea of the behavior of DNA
under the effect of AC signals. The frequency response indicates that the DNA shows
full equivalent impedance decay at 100 kHz. Certainly, behavior of chip, buffer
solution, and others cannot be perfectly disentangle from DNA and we believe that the
molecule makes an entangled effect on the materials on which they are deposited; this
entanglement will actually be an additional feature that have to be considered when

dealing with properties at the nanoscale.

3.2.3 Results: Current-Voltage-Temperature Characteristics of DNA Origami
Below 240 K, the sample shows high impedance similar to the one of the
substrate. At proximities of room temperature the current shows exponential behavior
with respect to the inverse of temperature. Sweep times of 1 s do not yield a steady
state, however sweep times of 450 s for the bias voltage secure a steady state. The

thermionic emission and hopping conduction models yield similar barriers of ~0.7 eV at
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low voltages. For high voltages, the hopping conduction mechanism yields a barrier of
0.9 eV and the thermionic emission yields 1.1 eV. The experimental data suggest that the
electrical conduction mechanism is hopping. The results are consistent with theoretical
and experimental estimates of the barrier for related molecules.

Due to the relatively short sweep time of 1 s the value of the current is not zero
for zero bias voltage, showing a transient state that might be confused with hysteresis.
Therefore, we increase the sweep time to 450 s to make sure we have a steady state
response.  Electrical current measurements at low temperatures show that the
conductivity of the DNA sample decreases considerably, making it difficult to
distinguish the electrical behavior of DNA from the one of substrate. In the range of
280-360 K, the substrate and the buffer solution show currents values approximately
three times smaller than those when the DNA origami is present. In addition, a well-
behaved temperature dependence of the DNA conductivity with an exponential behavior
with respect to 1/T is observed. The conductivity increases by factor of 10 each 40 K.
Observing the temperature dependence of the junction conductance, the charge transport
process could be explained empirically by two possible mechanisms: thermionic

emission and hopping conduction. All these mechanisms are summarized in Table 2.

Table 2. Temperature dependent conduction mechanisms.

Conduction mechanism Characteristic behavior Temperature dependence
0~ | Tned J
Thermionic emission ~T2 _q— Y 1TEd In (=)~ =
IMPexp | a7 n )~
. . AE J. 1
Hopping conduction ~V <_—> YV~ =
pping J~V exp T In (V) T

Adapted from Ref. (82)
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(A) (B)

Fig. 11. (A) Plot of In(I) versus voltage at selected temperatures of the DNA origami and (B) Plot of
In(I/T2) versus (1/T) at selected voltages. Current values are in ampere, temperature in kelvin and
voltage in volt.

Fig. 11A shows the current through the DNA origami with the sweep time of 450
s; the current goes to zero for zero bias voltage confirming a steady state, each point is
measured during 50 s. A linear behavior between 280 and 320 K is observed in Fig. 11B,
yielding a barrier of ~0.7 eV for low applied bias voltage and ~1 eV (Table 3) for higher
bias according to the thermionic emission model. For both conduction models at 20 V
the linear behavior extends from 240 to 320 K. Both conduction mechanisms yield low
barrier at low voltages (~1 V) and high barriers at high voltages.

The temperature-dependent current-voltage characteristic of a DNA origami
solution trapped between electrodes with 100 nm gap has been examined. The electrical
current through DNA origami obeys the hopping conduction mechanism for
temperatures between 280 and 320 K and for high bias voltages (~20V) this range is
extended between 240 and 320 K. Beyond this range, no conduction mechanisms could

be assigned.
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Table 3. Barriers obtained with thermionic emission and hopping conduction models.

Conduction mechanism Applied bias (V) Barrier (eV)

1 0.69
5 0.97

Thermionic emission
10 1.07
20 1.19
1 0.72
) ) 5 0.88
Hopping conduction 0 0.87
20 0.89

Despite the great findings, DNA based materials are not feasible to achieve our
goals due to their environment reactivity, difficulties in the assembly, poor addressability
and manipulation of single structures, and difficulties removing the structures from

solutions. Thus, graphene sheets are now considered as the main fabrication material.



30

CHAPTER IV
GRAPHENE’

Graphene is a “novel” material recently proposed as one of the main alternatives
to overcome the performance limitations of materials such as silicon and carbon
nanotubes.

Graphene has been chosen as the most suitable material to achieve the goals of
this research, in this chapter a literature review of graphene properties, applications and
fabrication methods, along with our work on each of these topics is shown, including our

published work on the fabrication mechanism using the unzipping of carbon nanotubes.

4.1 Literature review: Morphology and Structure

Graphene has been studied for more than 60 years (83, 84), but was only recently
synthesized in 2004 by Novoselov et al. (85). They synthesized up to 10 um length of
single, double, and triple layer graphene structures by micromechanical cleavage of bulk
graphite, attracting the interest of researchers to its properties and creating a potential
usage for several applications. So far, several graphene properties are still unknown
such as its toxicity, porosity, phase diagram, Curie point among others. Understanding
graphene and its properties are important steps necessary to determine possible
applications.

Vaporizing graphite by laser irradiation caused the quasi-OD carbon allotrope,
fullerene, discovered in 1985 by Kroto et al. (86), although some calculations were
reported in 1970 (87). Using a similar method, the quasi-1D allotrope carbon nanotube

(CNT) was officially discovered by lijima, in 1991 (88), however some authors had

" Parts of this chapter are reprinted with permission from:

- Graphene terahertz generators for molecular circuits and sensors; by N. L. Rangel and J. M. Seminario,
2008. J. Phys. Chem. A, 112 (51), 13699. Copyright 2008 by the American Chemical Society.

- Mechanism of carbon nanotubes unzipping into graphene ribbons, by N. L. Rangel, J. C. Sotelo, and J.
M. Seminario, 2009. J. Chem. Phys. 131, 031105. Copyright 2009 by the American Institute of Physics.
- Vibronics and plasmonics based graphene sensors, by N. L. Rangel and J. M. Seminario, 2010. J. Chem.
Phys., 132, 125102. Copyright 2010 by the American Institute of Physics.
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reported this structure since 1952 (89). The starting material of the CNT structures is the
two-dimensional single graphite sheet, graphene.

Graphene is a two-dimensional honeycomb network one atomic layer thick of sp2
carbon atoms. Its unit cell contains only two atoms; however, when layers are coupled,
the unit cell increases in two atoms per layer. The coupling of layers is due to the weak
Van der Waals forces between them. The stacking order of these layers could
potentially be the Bernal or hexagonal stacking (ABABAB...) or the rhombohedral
stacking (ABCABC...), which can be considered as a planar defect of the Bernal
stacking or simply no stacking order also known as turbostratic graphite (90).

Structures with up to 10 graphene layers are known as few-layer graphene
(FLGs), while structures with more than 10 and less than 100 layers are considered as
thin films of graphite (97/). The number of layers in a sample is very important and
needs to be controlled because it may determine the properties and performance of the
graphitic material. Initially, the number of layers of graphene was determined using an
optical microscope, placing the graphene over a SiO, substrate, and showing a tone color
for different numbers of layers. The number of layers has been determined based on the
height differences of images taken by an scanning tunneling microscopy (STM), using
different substrates such as Si (100) (92).

The atomic lattice structure of a single graphene layer on a SiO, surface was
characterized by Ishigami ef al. (93) using a combination of STM for atomic scale
resolution, atomic force microscope (AFM) to compare morphologies between the
graphene and Si0O,, and scanning electron microscope (SEM) for rapid reproducible
placement of the scanning probe. Some perturbations, meandering, and both triangular
and hexagonal lattices were noticeable. These observations showed that graphene
followed the SiO, morphology, and that any other substrate will also take priority over
its intrinsic corrugation morphology, determined by Meyer at al. (94, 95) using
transmission electron microscopy (TEM) and freely suspending a graphene layer on top

of micrometallic scaffolds.
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4.1.1 Defects

The number of layers, types of edges such as zigzag or arm-chair, and
topological defects such as vacancies, impurities, ripples, non-hexagonal polygons, etc.,
affect the properties and behavior of the graphene crystals (96, 97).

We have calculated the electronic properties of graphene ribbons with non-
hexagonal polygons defect types (Fig. 12) and graphane, a two-dimensional graphitic

material based on sp3 carbon atoms instead of spz.

2 . Gl G2 G3 G4 G5
= - %
1 = -
= =
0 - - = -
— | -
= = =
- = —
1 = - —
S22 = -
d -
> Iy -
o0 -
o 3
o —
. !
4 -
-5 - -
-
o i -
-6 - = = ;g
71 E = =
- = —
- = =
HLG (eV): 2.28 0.69 1.41 1.62 7.64

Fig. 12. Molecular orbital energies and shapes of the HOMO and LUMO for graphene without
defects (G1), pentagon-octagon defects (G2 and G3), pentagon-heptagon defect (G4) and graphane
(GS)

The conductivity of graphene can significantly be affected by the presence of

defects on the surface. The HLG of a pristine graphene ribbon with no defects is 2.28

eV and can be decreased down to 0.69 eV by introducing combinations of pentagons,
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heptagons and octagons on the surface (Fig. 12). More interestedly, is the electronic
properties of graphene; the HLG is more than 3 times larger than the graphene, with
delocalized molecular orbitals but with very large barrier (7.64 eV) make graphene a
graphitic insulator material.

Using GENIP (formalism described on Chapter II), we calculate the current-
voltage characteristics of the graphene ribbons with defects, as expected from the HLG
gap values and the shape of the molecular orbitals, when non-hexagon defects are
introduced on graphene the conductivity increases (Fig. 13). Also, it is observed that the

sheet of sp’ carbon atoms is an insulator material.
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Fig. 13. Current-voltage characteristics of the graphene with and without defects and graphane.
The conductivity of graphene (G1) is improved by adding defects (G2, G3 and G4) to the structure
and significantly decreased in graphene (GS5).

Graphene defects can be used to modify the electronic properties of a ribbon, and
the versatile characteristics of graphene allow the development of graphitic materials
with different properties and are promising successor material of the well-integrated

silicon technologies.
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4.2  Literature Review: Properties

The effective spring constants of a FLG (less than 5 layers) (98) and graphene
membranes (8 to 100 layers) (99) have been experimentally measured using an AFM
under ambient conditions. The AFM tip is calibrated and pressed over the suspended
stacks of graphene sheets. Spring constants vary from 1 to 5 N/m for samples with
thickness between 2 and 8 nm. From this data the Young’s modulus is estimated to be
0.5 TPa for both FLG and graphene membranes, which is half of the reported value for
graphite along the basal plane (/00). After determining the FLG’s Young modulus, a
resonator was fabricated with a single layer graphene, producing modulus values
between 53 and 170 GPa (101), similar to those of single-wall carbon nanotubes (/02)
and diamond. In 2008, Lee et al. (103) by Nano indentation measured the elastic
properties and intrinsic strength obtaining values corresponding to a Young’s modulus of
1TPa, positioning the monolayer graphene as one of the strongest material ever
measured. Despite the fact that a lot of work has been done to determine the mechanical
properties of the carbon nanotubes (/02), the mechanical properties of the unrolled
structure, graphene, is still in its infant stage, and so far most of the experiments on
graphene have focused only on their electronic properties (1/04).

Using the tight binding model, the band structure of graphene was calculated first
by Wallace in 1946 (83), and again by others in recent reports (/04). It has been shown
that graphene is a zero gap semimetal and graphite is a semimetal with a band overlap of
41 meV (105). After the discovery of graphene, several experiments have been
performed to determine its electrical properties. Novoselov et al. (85) applied an
external gate bias on samples with single and double layers by placing gold electrodes
on top of the graphene. The single graphene and its bi-layer showed a tunable
semiconductor behavior (104, 106-108). The band gap can be modulated upward until a
minimum conductivity value is reached for all FLG; bandgaps cannot be modulated
enough to force the FLG to act as an insulator. It is noted that the band gap depends on
the impurity concentrations and the presence of a substrate (/09). The behavior of

graphene can be regarded as ballistic with mobilities in excess of 200,000 cm®V™'s™ for
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electron concentrations of approximately 2x10'"' cm™ (710) and scattering distance
around 0.3 um (97). These high mobility values are found to be independent of
chemical and electrical doping.

In contrast to quantum chemistry theory, where all interactions are treated by real
(actual) Hamiltonians derived from first principles (ab initio) following a bottom-up
approach, most condensed matter treatments are top-down approaches, which
necessarily requires experimental information and therefore the creation of
phenomenological or empirical Hamiltonians. Thus for the particular case of graphene,
some authors have found that electric transport is better described by pseudo particles
responding to a phenomenological relativistic equation (//1, 112). This is because
graphene low energy excitations are like massless Dirac-Fermions (91, 113, 114) that
can explain the particular fractional quantum Hall effect, observed at room temperatures
(115).

Experiments have revealed the effect of a magnetic field in single graphene and
FLGs, producing a peculiar room temperature quantum Hall effect. Theoretically,
graphite’s diamagnetism (//6, 117) and shortly later graphene’s diamagnetism (/18)
were studied, and found to increase at low temperatures (//7). Calculations of graphene
nanoislands show that the shape of the edges (zigzag or arm-chair) (/79) influence the
magnetic properties, resulting in the zigzag system behaving as diamagnetic at high
temperatures but as paramagnetic at low temperatures (97).

Such properties can be presented in carbon nanotubes by using materials like Fe
filling the tube. The presence of under-coordinated carbon atoms similar to the carbons
in the zigzag edges in graphene, present this ferromagnetic behavior in carbon-based
structures (/20, 121) but this is not enough to define the magnetic properties of the
material, for the carbon nanotubes case, the magnetic properties are chirality, diameter
and length dependent (/22), and the presence of vacancies (/23) or ad atoms (/24) also
affect the magnetic properties of carbon nanotubes.

As a result of these modifiable magnetic properties, an opportunity to obtain

engineered magnetic materials has been proposed, which consists of graphene super
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lattices patterned with nanoholes of different shapes, sizes and producing a material with
combined semiconductor-magnetic behavior.

An experiment was recently (2008) performed by Nair et al. (125) where wave
lengths between 250 and 1200 nm were focused on a sample consisting of a suspended
single and double layer graphene, showing that the difference in opacity increases by
2.3% for each layer of graphene added. Variations in the wavelength did not show any
effect in the opacity measurements, which implies that even white light, can be used to

perform the experiment.

4.2.1 Electrical Properties

Different stacking order, geometries, edge type and passivation are considered in
the study of the graphene sensors. The results show that graphene ribbons (actually
molecules) resemble semiconductors but their HOMO-LUMO gaps are edge and

passivation dependent.

lac 2ac' 3ac! 4dac! bac! bac 7ac

Fig. 14. Square graphene ribbon, the number of rings along each edge is used to label and
characterize the size of the graphene ribbons used in this work. Shown with red is a unit with zigzag
(zz) edge “1zz” and with green a unit of armchair (ac) edge “lac”. The size of the ribbon shown is
Tacx7zz.
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Therefore, we add the hydrogen atoms to the ribbons obtained from Fig. 14 to
warrant delocalized orbitals independently of the dominant edge. Despite of passivation
effects, the HOMO-LUMO gaps of graphene ribbons affect the conductivity. Thus, we
investigate few graphene molecules of different sizes starting from biggest one, the

ribbon shown in Fig. 14; we calculate their HOMO-LUMO gaps as shown in Fig. 15.
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Fig. 15. HOMO-LUMO gap (HLG) with respect to the number of edged size of the graphene ribbon
shown in Figure 14.

The dominant edge can influence the conductivity of the ribbons as can be seen
in Fig. 15. The shape of the molecular orbitals affects the transport properties but the
calculations show that both, armchair and zigzag ribbons feature delocalized molecular
orbitals when they are passivated, if the ribbon is not passivated; localized molecular
orbitals are found especially along the zigzag edges.

Current-voltage characteristics of armchair (Fig. 16A) and zigzag (Fig. 16B)
edged graphene ribbons with and without hydrogen passivation are calculated to observe
the effect of passivation on graphene. The results obtained with GENIP show that
zigzag edged ribbons are more conductive than armchair edged ribbons, as is expected
from the HLGs shown in Fig. 15. The effect on both zigzag and armchair ribbons is the
same, when the ribbons are not passivated with hydrogen, the electronic density is
localized at the edges, making the carbon at the edges more reactive and decreasing the

conductivity of the ribbons (Fig. 16). When the ribbons are passivated the electronic
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density is fully delocalized on the surface as plasmons and the conductivity is larger than

the non-passivated.
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Fig. 16. Current-voltage characteristics of armchair (A) and zigzag (B) edged graphene ribbons and
the effect of the hydrogen passivation on the conductivity.

Although for infinite and pristine graphene the theoretical band gap is zero, Fig.
14 suggests a finite HOMO-LUMO gap (HLG) for our small graphene molecules. It has
been reported that armchair ribbons are metallic or semiconductors depending of their

width and zigzag nanoribbons are mostly metallic (/26). Experiment has been reported
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that by decreasing the width of the ribbon the gaps increase (/27), but there are not

reported values for small graphene molecules with specific edge types.

4.3  Literature Review: Applications

The exceptional properties found for graphene suggest that the one atom thick
crystal is an excellent candidate for a wide range of applications (97). It is sufficient to
take a look at the large amount of already proposed applications for carbon nanotubes
for example in photonics (/28), as composite materials (/29) among others, and study
the possibility of replace them with the two-dimensional structure, graphene, which has
already shown similar and better properties resulting in an improved performance in
most of those applications (710, 130).

Graphene offers several advantages over current electronic devices. Starting with
the electrical properties, graphene is projected to be the material of choice to replace
silicon, which is now reaching its physical limits, opening a potential carbon-based
electronics era. With mobilities that are five times larger in suspended graphene (/10)
than in silicon, graphene offers faster devices with lower energy dissipation due to its
ballistic behavior (/37), and with less noise than most semiconductors by using the
bilayer graphene (1/32). Field effect transistors (/33), single electron transistors (/34),
pn junctions (/35), pnp junctions (/36), and binary memory devices (/37) have been
fabricated. A graphene spin valve (/38) showing giant magneto-resistance has also been
fabricated, offering the possibility of using graphene for spintronics applications.

Applications in nanoelectromechanical systems (NEMS) such as resonators and
high pressure sensors have been proposed, based on its mechanical properties (/01).
Graphene based composite materials have been suggested (/39), and have recently
shown exceptional results (/30), where the glass transition temperature for
poly(acrylonitrile) and poly(methyl methacrylate) have been improved by approximately
40°C and 30°C, using only 1 wt% and 0,05 wt% of functionalized graphene sheets,

respectively.
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The possibility of using graphene as a molecular sensor has been experimentally
proven by Scheding et al.(140) resulting in a change in conductivity when gas molecules
such as NO,, NH3, H;O and CO with different concentrations are adsorbed on a
graphene surface. This was later theoretically demonstrated by Hwang et al. for NO, and
NH; (1/41) finding a high sensitivity, low noise, and a room-temperature operated sensor.

Fabrication of large graphene membranes, currently up to 100 pum (/42), has
opened the door to the possibility of measuring more properties experimentally, and their
use on other applications. Large size membranes facilitate the study of the mechanical
properties in graphene. Graphene impermeability to the second smallest atomic gas
helium suggested that graphene membranes can be used as interfaces separating even
two different phases of matter (/43). On the other hand, their potential as a molecular
filter can be reached by patterning with an electron beam different diameter holes in the
graphene membrane acting like a sieve or mesh that separate wanted from the unwanted
molecules but this is an approach that has not been fully explored.

Applications of graphene for hydrogen storage (/44), spin filters (/45),
electrodes in solar cells (/46), batteries, emitters, and even in quantum computing have
been suggested and/or reported in the last year (97). Still, several potential applications
of graphene synthesized just four year ago are by large unknown, and questions
regarding its behavior, performance, and properties in the already proposed applications

are still unanswered.

4.3.1 Electronic Circuits

We propose a molecular circuit on a two dimensional sheet, based on graphitic
materials and defects. Suggested molecular circuit and components are shown in Fig.
17, showing materials with different conductivities (Fig. 17A) and performances as
molecular devices such as logical gates (Fig. 17B). This novel circuit is expected to
have superior electronic properties, high thermal conductivity, mechanical strength,

elasticity and flexibility thanks to the intrinsic characteristics and properties of graphene.
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High selectivity and sensitivity is expected, allowing the application of this molecular

circuit as sensors.
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Fig. 17. (A) Molecular circuit on a sheet based on graphitic materials. From top to bottom different
graphitic materials are shown and used to design the molecular circuit: graphane, an insulator
material based on sp’ carbon atoms; graphene, a tunable semiconductor; graphene sheet with
defects including impurities and combination of different polyhedrons improving the electrical
properties and acting as conductors; and graphene oxide which is also an insulator. (B) Molecular
gates made of graphene pieces and operating using molecular electrostatic potentials. Graphene
ribbons with defects such as heptagons and pentagons are used as metallic wires to amplify and
transport inputs and outputs of a molecular gate.

Challenges of this research are the scalability of the calculations. For small
systems, the static conditions are calculated very precisely and can be taken to the
highest level of precision simply by increasing the level of theory and increasing the size
of the basis set until a satisfactory solution to the time-independent Schrodinger equation
is found, or as in most cases, until the computational resources allow it.

A high sensitivity and selectivity network can be build using graphene ribbons,
which couple molecular vibrations and molecular electrostatic potentials, acting as
amplifiers able to even reach superconductivities and also can be used as a transducer

converting signals into the usual current-voltage characteristics. Also, mechanical and
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electrical properties of graphene yield to devices with exceptional performance,

flexibility and scalability.

4.4  Literature Review: Fabrication Methods

Starting with Brodie in 1859 (/47), many different attempts have been made to
produce FLGs. After the success of the “scotch tape” pealing technique used for its
discovery (85), the mechanical exfoliation technique (/48) has been applied for this
purpose. The mechanical exfoliation technique is a simple method in which the film
thickness is determined based on the color of the SiO, substrate, but it is not appropriate
for large scale fabrication and the films produced are usually uneven. The SiO,
thickness (300 nm), the initial graphite material (largest possible grains), and the
graphite and SiO, surfaces quality (freshly cleaved and cleaned) (917) are critical aspects
in the success of this method.

By applying an arc-discharge to silicon carbide (SiC) crystals, nanographite
ribbons were fabricated in 2001 (/49) using a hydrogen atmosphere to avoid the
formation of pentagons and therefore the non-planar structures. This procedure
eventually inspired the currently known epitaxial graphite fabrication technique (/50),
where the SiC crystal is heated to about 1300°C in an ultrahigh vacuum, leading to the
growth of FLGs with at least 5 layers and up to 100 layers. Since this is a thermal
product, it is hard to functionalize these films for industrial applications. The high
temperature is an inconvenience that is also present in the attempt to obtain FLG by
heating diamond nanoparticles in an inert argon atmosphere (/57). In this treatment, the
required temperature is about 1650°C (152).

Chemical vapor deposition (CVD) is another strategy proposed to fabricate
FLGs. One case of CVD is using camphor, which is heated between 700 and 850°C,
pyrolyzed, and collected in nickel substrates (/53). The CVD method is more practical
for industrial applications but still not effective for the functionalization of films, and it

is currently viable only on metal surfaces (152, 154).
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The exfoliation (i.e. peeling away the layers) of graphite oxide however, seems to
be a very promising technique for large scale fabrication of functionalized single
graphite layers (/55). This method consists of treating graphite with concentrated acids
to obtain a sufficient oxidation of the graphite, and then thermally exfoliated at about
1050°C (152). Some of the difficulties of this method are to obtain the optimal
oxidation and an adequate pressure during the heat treatment to reduce the possibility of
having partially oxidized layers.

So far the best method to get the single layer graphene is the mechanical
exfoliation technique or mechanical cleavage, particularly for research. It is cheap,
simple, and does not require any extreme pressure or temperature conditions. However,
this technique is not good for large scale fabrication and sometimes the sample obtained
may be uneven. For large scale production the exfoliation of graphite oxide technique
can be used. It can produce films in large scale but some stabilization treatment needs to
be done, because the graphene obtained tends to agglomerate and becomes hard to
functionalize.

Here we report a mechanism of the unzipping technique mechanism to fabricate
graphene ribbons from carbon nanotubes, technique that addresses the problem of ribbon

size controllability.

4.4.1 Mechanism of Carbon-Nanotubes Unzipping into Graphene Ribbons
Graphene nanoribbons (GNR) are promising materials for a wide range of
applications, but their practical implementation requires edge and width controllability,
low fabrication costs, and large scale production. Kosynkin et al.(156) reported a
solution to fabricate these graphene nanoribbons by unzipping carbon nanotubes (CNT)
treated with potassium permanganate in a concentrated sulfuric acid solution (H,SO4—
KMnOQOy). Their procedure, referred to from now as the “experiment”’, allows the
fabrication of uniform, narrow, 100—500 nm wide, semiconducting and metallic, straight

edges (presumed zigzag), single and multi-layers GNR from multiwalled carbon
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nanotubes of approximately 15 to 20 concentric single wall carbon nanotubes with
diameters of 40-80 nm. These nanoribbons are soluble in polar solvents.

Other fabrication methods for GNR based on longitudinally cutting CNTs have
also been reported recently. Jiao et al.(157) obtained narrower semiconductor ribbons
by embedding multiwall carbon nanotubes in a polymer matrix and then attacking the
surface with argon plasma etching. Cano et al. (158), on the other hand, obtained GNR
by treating multiwall carbon nanotubes with lithium and ammonia. Oxidative-cutting
was used by Liu et al.(159) to transversally cut long nanotubes into smaller tubes and Li
et al. (160) provided insight into the atomic-level mechanisms of oxidation in carbon
materials.

Graphitic material such as carbon nanotubes and nanoribbons can be used in a
wide range of applications from lubrication to electronics to novel mechano-chemical
devices;(42, 91) therefore, controlled chemical cutting of such materials to create novel
structures could be a powerful technique in the nanotechnology toolbox. However, the
mechanisms of how this is achieved are still far from clear.(/61)

We aim to explain the controlled oxidation mechanisms of the experiment of
unzipping CNT(/56) using ab initio density functional theory molecular orbital
calculations.
4.4.1.1 Methodology

To study the fabrication of graphene nanoribbons from carbon nanotubes, we use
the armchair (5,5) CNT and (3,3) CNT as model systems. Their corresponding
optimized structures are illustrated in Fig. 18 A top and bottom. In the experiment, the
attack occurs by a reaction of the CNTs with potassium permanganate (Fig. 18B) in a
concentrated sulfuric acid solution, yielding the unzipping of CNTs and producing
oxidized graphene nanoribbons, such as the optimized structure shown in Fig. 18C for
the unrolled and oxidized ribbon obtained from Fig. 18A top. In addition, by reducing
the oxidized graphene nanoribbons, the oxygen can be removed from their edges (Fig.

18D) thereby improving their conductivity.
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Fig. 18. (A) Structures of the (5,5) and (3,3) armchair carbon CNT (text in purple shows the carbon-
carbon bonds used in the unzipping mechanism) (B) permanganate anion (C) oxidized graphene
nanoribbon obtained from the unzipping of (5,5) CNT. (D) Structure of the ribbon after relaxation
of (C) when the oxygen atoms are removed.

Calculations for the (5,5) and (3,3) CNT systems are performed at the
B3PW91/6-31G(d) (23, 24, 162) and PBE/6-31G(d,p) (163, 164), levels of theory
respectively.

Formation of manganate ester: The first step is the formation of manganate ester,

therefore, we calculate the optimized structures of the permanganate bonded to the (5,5)

CNT from B1 to B5 respectively as shown in Fig. 19(A-E).

©) D) (E)

Fig. 19. Optimized geometries (A-E) of the structures obtained when approaching the opener anion
MnO," to the CNT connecting initially two of the oxygen atoms from the permanganate to the B1-
BS bonds, respectively.
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The total and binding energies, are shown in Table 4 for the (5,5) CNT, the
permanganate anion (MnOy4 ' ), and the anion bonded to the B1-B5 bonds along with the
unbonded MnOy"' interacting in the neighborhood of the (5,5) CNT. Also shown in

Table 4 is the distance of the carbon atoms participating in the ester formation.

Table 4. Energies and binding energies for the CNT, the permanganate, and the optimized
structures of CNT when MnO," is bonded, unbounded, on B1 to B5, as shown in Fig. 18A. The C-C
distance corresponds to the carbons bonded to the oxygen atoms.

(5,5 CNT, MnO," Energy Binding energy  C-C distance
structures (Ha) (kcal/mol) (A)

CNT -3808.16569

MnO," -1451.66916

MnO," on Bl -5259.87561 -25.6 1.62

MnOy" on B2 -5259.87013 22.1 1.62

MnOy "' on B3 -5259.85924 -15.3 1.62

MnOy "' on B4 -5259.86786 -20.7 1.71

MnO," on B5 -5260.08458 -156.7 1.42

Non bonded -5259.85624 -13.4

The energies shown in Table 4 suggest that the MnO4'1, the anion, attacks the
CNTs bonds because the energy of the overall system when the permanganate anion is
bonded (onto B1-B5) is lower than the energy when it is not bonded. The binding
energy of the nonbonded, -13.4 kcal/mol, is about 2 kcal/mol higher that the energy of
the weakest bonding of anion to the CNT (onto B3), -15.3 kcal/mol. Even though the
lowest total energy (singlet multiplicity) corresponds to the permanganate anion bonded
to the edge bond B5. The attack of the anion leaves the bond unbroken: the C-C
distance in B5 goes from 1.24 to 1.42 A, whereas in B1-B4, when the permanganate
anion bonds to the CNT, the C-C distance increases 0.2-0.3 10%, leading to the breaking of

these bonds and thus to the unrolling of the nanotube.
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Opening of the CNT: The sequential addition of oxygen pairs to the CNT

weakens the adjacent bonds and facilitates the adsorption of the next oxygen pair; here
we use the (5,5) CNT which has an internal edge bond B1 and an external edge bond BS.
Because of the large ratio of internal to edge bonds in the CNT, the small spread in
binding energies for the B2-B4 bonds (Table 4), and the breaking of any of B2-B4 bonds
under attack by an oxygen pair, we choose the middle bond B3 (as an on average
representative of bonds in the mid-section of a long CNT) to start the unzipping process
sequentially adding oxygen-pairs as shown in Fig. 20.

The first oxygen-pair attack starts on B3, the carbon-carbon bond stretches from
1.43 to 1.65 A, as shown in Table 5. The oxygen pair also elongates 0.03 A the neighbor
bonds B2 and B4, making them weaker and vulnerable for the next two attacks as shown
in Fig. 20C and Fig. 20D. As illustrated in Fig. 20E and Fig. 20F, the attack continues
on the internal and external edge bonds B1 and BS5, respectively, but the stretching is not

enough to break the bonds and the carbon atoms stay bonded, avoiding the unzipping.

D) (E) (F)

Fig. 20. (A-F) Optimized structures obtained through the gradual unzipping of a (5,5) CNT. Pairs
of oxygen atoms are added sequentially. A new geometry optimization is performed after each pair
addition of oxygen atoms.
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Table 5. Total energies of each step in the studied unzipping process shown in Fig. 20 and Fig. 21
along with the lengths of the carbon-carbon distance in each oxidized bond.

Unzipping Energy B1 B2 B3 B4 BS5

of CNT (Ha) (A) (&) (&) (&) (A)

Fig. 20A -3808.165693 1.43 1.42 1.43 1.44 1.24
Fig. 20B -3958.377548 1.44 1.46 1.65 1.46 1.24
Fig. 20C -4108.705771 1.38 2.66 2.98 1.47 1.24
Fig. 20D -4259.187961 1.48 3.50 5.25 4.67 1.26
Fig. 20E -4409.409991 1.55 3.11 4.95 4.62 1.26
Fig. 20F -4559.823011 1.56 2.90 4.05 2.96 1.57

Fig. 21 (Fig. 20F with
-4573.135841 1.59
H passivation)

However, when the edges of the CNT are passivated with hydrogen atoms the
internal (B1) bond breaks with the attack and opens the tube as shown in Fig. 21. The
attack of the oxygen pairs is not strong enough to break the external bond B5, which

ends up with a C-C distance of 1.59 A.

Fig. 21. The edges of the unopened (5,5) CNT are passivated with hydrogen atoms (left) and the
optimized structure (right) opens only on the internal edge; there is not enough weakening to break
the external carbon-carbon bond.

This finding suggests that if oxidation takes place along a longitudinal path
containing an edge bond, then complete unzipping of the armchair CNT does not take
place. This, may be due to an edge bond (such as B5 in Fig. 18A) being much stronger
(about 16% for the armchair CNT of Fig. 18A) than the internal bonds (B1-B4), thus

more difficult to break (see Table 5). Thus, in general oxidation of the armchair CNT
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along a longitudinal cleavage path is not enough for the complete unzipping to take
place.

Finally, in a zigzag (6,0) CNT (of diameter 5.3 A) the cleavage path spirals along
the tube in an angle about 30° with the CNT’s axis. As indicated in Fig. 21 and Fig. 22,
unzipping of the CNT takes place only when its rims are passivated with hydrogen
atoms. Because of the high reactivity of the rims of the zigzag CNT(/65) some of their
C-atoms begin to locally cluster tighter together (not shown) when they are not
passivated with H-atoms, effectively blocking the unzipping. Specifically, in runs we
have made for an oxygen pair on the rim of an non-passivated zigzag CNT, the O-atom
in the coordination three site moved to the nearest unoccupied site on the zigzag border
(which has coordination two) forming an epoxy-like bridge between the two sites. A
few small triangular C-rings formed on the zigzag rims too. This effect was more
pronounced for smaller diameter tubes, as our (6,0) CNT (Fig. 22). For the latter CNT,
in contrast to the armchair CNTs we have tested, the unzipping of the CNT may start
with an oxygen-pair attacking a C-C bond in the zigzag edge, as H-passivation
effectively transforms the C-atoms at the edge into coordination three sites. In fact, the
passivated CNT becomes more stable by oxidation and breaking of an edge bond than a
central bond along the oxidation path (not shown).

So far we have assumed that either the MnO, anion or pair of O-atoms is readily
available. We now present an ab initio model calculation showing how the unzipping
might take place when an armchair (3,3) CNT reacts with potassium permanganate,
KMnO4, in an acidic medium here represented by H,SO4+H,0O molecules. We show in

Fig. 23 such a reaction.
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Fig. 22. Unzipping of a passivated (6,0) zigzag CNT upon oxidation of internal bonds (ends of the
bond have coordination three) slanted by 30° relative to the CNT rim.

We let the attack take place along the longitudinal path of two internal bonds
(parallel to the CNT’s rims) located at the top of the CNT in Fig. 23A, starting from the
back of the tube. As expected, bond-breaking takes place, yielding CNT-bound moieties
[CNT](MnO,)OH and [CNT]O---K™---SO3(OH)" at the sides of the broken bond (Fig.
23B). This system is further hydrated with three water molecules and then fully
reoptimized (not shown). Next, we place another KMnO, group attacking the CNT on
the second internal bond on the longitudinal path and add one molecule of each H,SO4
and H,O. What takes place next depends on the angle of attack of the KMnO, molecule
to the bond. For a slanted K-Mn axis (relative to the CNT’s axis) as shown in Fig. 23C,
so that the forward attacking O-atom is aligned with the CNT’s axis, there is no bond
breaking and thus no unzipping of the CNT (Fig. 23D). In contrast, if the K-Mn axis is
roughly parallel to the axis of the CNT, as illustrated in Fig. 23E, with the forward
attacking O-atom pointing downward to the hole left by the breaking of the first bond,
the second attacked bond is stretched and broken yielding the complete opening of the

CNT (Fig. 23F).
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(D) (E) (F)

Fig. 23. Chemical reaction of an armchair (3,3) CNT with KMnQ, on an acidic environment of
H,SO,4. The entire system has zero total charge. (A) A bare armchair (3,3) CNT. (B) CNT attacked
on an internal bond by KMnQ,, acidic medium is represented by H,SO,, plus H;O. (C) CNT is
attacked on the same ring, in a parallel bond to the first attacked bond. The forward pointing
attacking O-atom is about parallel to the CNT axis; acidic medium here is 2H,SO, plus 5H,0. (D)
Final configuration for the reaction started in (C). The attacked bond does not break and the
attacking MnO," anion migrates to the edge of the CNT. (E) Another configuration for a second
attacking potassium permanganate. The forward attacking O-atom points downward to the hole
created by the first attacking permanganate anion. The attacked bond and acidic medium are as in
(C). (F) Final configuration for the reaction in (E). The attacked bond is broken leading to an
unzipped CNT. Further flattening of the ribbon is impeded by the moieties product of the reaction.

In summary, pairs of oxygen atoms from the permanganate anion bind and break
the internal C-C bonds in the CNT, the stretching of the bonds involved in the first attack

weakens the neighbor parallel bonds making them more vulnerable for the next oxygen
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pair attack, which takes place longitudinally along the CNT, consistent with what was
found in the experiment. However, the strength of external bonds in the armchair CNTs
is not defeated with the permanganate attack and therefore these bonds cannot fully open
yielding ribbons with amorphous shapes and edges. Furthermore, our results suggest
that the initial attack takes place in the middle section of the CNT because the population
of B3 bonds is higher. In addition, bonds in the unzipping path whose ends have
coordination three are most likely broken as inferred from the fact that armchair bonds
are broken by the attack of an oxygen-pair and the zigzag bonds, though stretched,
remain unyielding. This difference in strength of edge bonds for armchair and zigzag
CNTs suggests that bonds with an end-site connected to C-atoms only are more likely to
be broken under the attack by oxygen pairs.

On the other hand, there is no much difference whether the anionic MnOy4 or the
neutral KMnOQy species are used or even when the highly possible formed, HMnOQOy, is
used in the calculations. When HMnOQO, attacks, it breaks internal bonds just as in the
anionic case and when the attack is on an edge bond, no breaking takes place. These
results suggest that all CNT end up in zigzagged edge ribbons no matter what we start
with; the unfolded ribbon have zigzag edges along the oxidized unzipping path.
Nevertheless, information will be very useful from additional experimental evidence as
theory and experiment can have complementary information about the systems being

analyzed rather than a mutual validation or exclusion of each other.
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CHAPTER V
NANO-MACRO INTERFACE TO READ MOLECULAR ELECTROSTATIC
POTENTIAL BASED ELECTRONICS’

Molecular potentials are unreadable and un-addressable by any present
technology. It is known that the proper assembly of molecules can implement an entire
numerical processing system based on digital or even analogical computation. In turn,
the outputs of this molecular processing unit need to be amplified in order to be useful.

There several ways and methods to strategically arrange molecules on a surface.
One of the earliest developed ways is to manipulate molecules on a surface by using the
scanning tunneling microscope (STM) (/66). Other methods include several variants of
controlled self-assembly monolayers (/67) and the use of replicative molecules, such as
DNA, to fabricate and locate molecules such as amino acids on a surface (/68). These
techniques are still being developed and will hopefully provide new ways to utilize
molecules as electronic devices.

However, no matter how well chemistry can assemble molecules into systems,
the molecules need to be linked or interconnected to build electronic systems. The
solution to this addressing problem is something that may take an exponentially more
complicated turn than the one created by the assembly of the molecules on a surface. It
is our view that interconnection between neighboring molecules, as opposed to random
molecular connection, would be the best resolution; with perhaps ideas similar to a
cellular automata (/69-171) or the like.

A technique that fulfills the requirements needed for the development of
molecular circuits is the use of molecular potentials to encode and process information.

The molecular potentials “outside of a molecule” vary between +3 and -3 V (172).

*

Parts of this chapter are reprinted with permission from:
- Nano-micro interface to read molecular potentials into current-voltage based electronics, by N. L. Rangel
and J. M. Seminario, 2008. J. Chem. Phys. 128, 114711. Copyright 2008 by the American Institute of
Physics.
- Molecular electrostatic devices on graphite and silicon surfaces, by N. L. Rangel, J. M. Seminario, 2006.
J. Phys. Chem. A, 110 (44), 12298. Copyright 2006 by the American Chemical Society.
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They were first used to determine the reactivity of molecules (7, 172, 173). Later, they
were used to create indicators or descriptors (174, 175) to determine several properties
of molecules. These indicators and descriptors have also been used in bulk materials
with extrapolation to different phases (/76). As such, positive potentials outside a
molecule or in the space where it interacts with others imply a shortage of electrons
while negative potentials imply an excess. The practical importance of molecular
potentials is the possibility to use them to act on and modify the potentials of neighbor
molecules.

With this in mind, several molecular gates have been designed and studied.
Consequently, these type works have made it possible to determine properties of
materials such as energetic materials, biological and chemical agents that are very
difficult to determine experimentally (6, /177-181). Another important application of
molecular potentials is their use to determine a set of point charges that better reproduce
the potentials on a surface around a molecule. This provides much better consistency

with concepts of charge and bonding used in chemistry (182, 183).

5.1 Molecular Logic Devices

The use of molecular potentials also include applications to hydrogen bonding
interactions (/84). It has been demonstrated that the topography of the molecular
electrostatic potential (MEP) provides a measure of the cavity dimensions and an
understanding of the hydrogen-bonded interactions involving primary and secondary
hydroxyl groups. The MEP topography qualitatively explains the binding patterns of the
guest molecule with the host.

Molecules using MEP were able to perform logical operations. One of these
included an OR operation (4, 5) to yield an output of 1 if at least one of its inputs is 1,
otherwise it yields 0. It has also been demonstrated that other molecular single gates,
such as organic molecules less than 1 nm? in size that consist of two or more isolated

functional groups such as ethynyl and butyl (/0), are able to successfully interconnect to
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each other. This opens the door to extremely low-power consumption molecular devices
(185). The dihydroxylbenzene molecule is an OR logic gate (/3). The 1,3,5-
trifluorobenzene (TFB) molecule could function as a AND gate when input signals are
applied to the 3- and 5-fluorine atoms and the output signal is taken from a buffer Be

atom at 3.2 from the 1-fluorine (3).

Output
site

Q

2.7 A o 2,33 A
" Input Input ™.,
site A site B
J

Fig. 24. The OR-gate based on 1,1 diethynylethene (DEE) also known as 1,4 pentadiyne, 3
methylene. The two water molecules in the figure provide the negative and positive potentials to the
gate inputs, A and B. The output is read from the “Output site”.

In this chapter, we test the effect on a molecular OR-gate (Fig. 24) of two
substrates, planes of graphite and a hydrogen-passivated surface of silicon. The
electrostatic potential of water molecules are used to model the inputs to the logical gate.
Then, we use aza-OPE molecule to amplify the output of a molecular gate and amplify
the signal through changes in its current-voltage characteristics; however, the
addressability and fabrication of a single molecule is inconvenient for practical purposes,
thus the same concept is confirmed thanks to the morphology of graphene ribbons, its
atomic thickness allow us to read signal from self-assembled molecular monolayers and
amplify them through traditional current-based electronics. Using ab initio methods, we
computationally demonstrate the amplification of molecular potential signals into

currents that can be read by standard circuits.
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Fig 25 shows the MEP of the molecular device and the water molecule used as
the input to the device. The color-coded scale ranges from - 2 V to 2 V covering colors
from red to blue, respectively. Any potential smaller than 2 is represented by red; and by
blue, potentials smaller than —2 eV. This color scale allows us to precisely determine if a
region in the molecule shows negative or positive potentials. As expected, potentials in
the neighborhood of the nuclei are positive showing a blue region when the atoms are
exactly on the MEP plane.

The selection of the electrostatic potentials of water to simulate an input in the
molecular gates is simply based on its dipole moment. There is no special constraint
other than the need to have a simple dipolar molecule, which unambiguously shows its
polarity. In principle, any pair of positive and negative molecular potentials could be

used for proving the concept.

(A) (B)
2 ov I _ DAY

Fig. 25. Shows the MEP on a plane perpendicular to the molecular plane that includes the C2v axis
of the molecule. Thus only two carbon atoms lay on this perpendicular plane; all other atoms are
above or below the plane.

Fig. 25A; however, on the right view, they show a mix of red and blue colors
because these hydrogen atoms are not on the plane of the MEP. The MEPs clearly
indicate the effects of charge accumulation in a molecule. For instance the red regions
are due to the presence of double and triplet bonds in the DEE molecule or to the two
lone pairs in the water molecule. Unambiguously, for the simple case of water, the

oxygen side can be used as a negative potential probe and the hydrogen side as positive.
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Fig. 26 shows the MEP of graphene and silicon sheets. The most striking
difference between the two surfaces is the potential distribution on the active sites. For
graphene, we calculate the MEP on a surface of one sheet and two sheets. The results are
very similar. Both show a strong positive potential on the plane of the sheets and a
strong negative potential above and below the surfaces. We can notice the negative
potential between sheets in Fig. 26B; this channel becomes a conduction path for
positive ions such as Li+ in lithium-ion batteries. Notice that the top view in Fig. 26B
shows all atoms from the two sheets. In this case the separation between sheets is chosen
to be 3.35 A, which corresponds to the experimental value in graphite. These strong
changes in the MEP at neighborhoods of graphite require that the substrate be fully
considered in the design of the gates in order to unambiguously determine the behavior
of molecules passing information encoded in molecular potentials.

On the other hand, the silicon sheets show a more relaxed potential distribution at
the neighborhood of the surfaces. Figures 3¢ and d, corresponding to one and two silicon
sheets, respectively, yield a potential practically near to zero for both cases. This is
confirmed by the green regions, which show up near the sheets in the case of Fig. 26C

and Fig. 26D, as opposed to the red regions in Fig. 26A and Fig. 26B.

(A)

Fig. 26. The MEP of the graphene used as the substrate. A) One layer, B) two layers. The MEP for
hydrogen passivated silicon used as a substrate C) one layer, and D) two layers. As a reference for
the size, the C-H bonds are 1.07, C-C 1.42, Si-H 1.47, and Si-Si 2.34.



Fig. 26. Continued.
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5.1.1 Results and Discussion

Fig. 27 shows the supported molecular gates in graphite and silicon sheets.

B)

Fig. 27. The molecular logic device on a substrate of (A) graphite and (B) hydrogen-passivated
silicon. The molecule is 4.00 A above of the substrates. For each case, calculations are performed
with one and two layers.

Since the OR gate has two inputs, there are four possible input combinations: 00,
01, 10, and 11. Thus for an OR gate the outputs are 0, 1, 1, and 1, respectively. And for
an AND gate the outputs are 0, 0, 0, and 1, respectively. By symmetry considerations the
01 is identical to the 10 thus we just need to analyze three combinations of inputs for the

gate in each substrate.
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©

-0.2V 0.2V

Fig. 27. Shows the case when the two inputs are negative (00) for the molecular gate with and
without the substrates. The application of the 00 inputs using the negative side of the water
molecule in the inputs of the gate yields a slightly negative potential at the output site. The green-
yellow region is unambiguously negative, in the range of ~0.1 volts. The introduction of the two
negative potentials of water changes the MEP of the isolated molecule.
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Fig. 27A, have only three small regions of negative potential, covering most of
the molecule with negative regions. The strong negative potential when one small
graphene sheet is used washes out the potential at the output (not shown) because the
border effects; however, potentials are back to normal if one or two sheets of graphene
are used as shown in Fig. 27B. This is perhaps a more realistic situation as a few layers
of graphene would be present in practice. Surfaces not shown in this paper can be seen
in the supplementary information.

On the other hand, the passivated silicon substrates do not change much the MEP
distribution obtained with a single molecule. Fig. 27C shows the MEP when a double
layer of passivated silicon atoms are used. The results are identical when one layer of
passivated silicon atoms is used (not shown). This is due to the low potentials shown by
the isolated silicon layers, thus the effect on the molecular gate is minimum.

Fig. 28 shows the MEPs when one input is positive and the other negative (01).
The isolated molecule yields a well-defined positive potential at the output; however,
when two sheets of graphene are used, the molecule yields a negative potential due to
the strong negative potential of the graphene layers able to shift the positive values to the
negative side. The silicon substrate does not affect strongly the molecular potentials at
the output site; practically, the potential distribution is very similar to the one produce by
the isolated molecule.

Fig. 26 to Fig. 29 show several of the results of this work; a complete summary is

given in Table 6. The so called truth tables define the operation of each gate.
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Fig. 28. Molecular electrostatic potentials for (A) the isolated molecular gate in vacuum and over
substrates of (B) graphite, and (C) H-passivated silicon when one input is negative and the other is
positive.
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Finally, Fig. 29 shows the case when the two inputs are positive (11). The
isolated molecule and the molecule with the two substrates yield a positive potential at
the output site. Graphite is the most difficult as the graphene layer tends to shift

potentials to negative values.

-0.2V 0.2V

Fig. 29. Molecular electrostatic potentials for (A) the isolated molecular gate in vacuum and over
substrates of (B) graphite, and (C) hydrogen-passivated silicon when the two inputs to the gate are
positive.
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Table 6. Truth table for the MEP OR-gate with and without substrates.

Input Logical one sheet  two sheets one sheet two sheets

potentials Input Isolated grapheme graphene  of silicon of silicon
- - 0 0 0 0 0 0 0
-+ 0 1 1 1 0 1 1
+ - 1 0 1 1 0 1 1
+ + 1 1 1 1 1 1 1
Gate OR AND AND OR OR

5.1.2 Conclusions

We demonstrate that molecular gates using molecular electrostatic potentials can
be used on hydrogen-passivated silicon substrates without any disturbance of the
behavior that the molecular gate had in vacuum; however, the use of graphite as a
substrate strongly affects such behavior. As expected, the substrate become one more
design variable if strongly affects the potentials on its surface. The ability to have several
substrate alternatives is very important for the practical implementation of the molecular
potentials scenario. In general, the effect of the substrate can be determined by
calculating the MEP of a surface as this indicates how strongly its intrinsic potential may

affect the molecular device.

5.2 Nano-micro Interface to Read Molecular Potentials

There are two general approaches for the use of a single molecule to perform
computation (/86) and other so called electronic functions (4, 187). One is to continue
the standard current-voltage approach: simply introduce molecules to continue the
successful scaling-down of electronic devices based on silicon to sizes that still allows
fabricating them and interconnecting them in a small integrated circuit (15, 186, 188-
192). The second approach involves using other alternatives to encode and transport
information (/85, 193). One of the attractive approaches involves the concurrent use of
molecular potentials and vibronics to perform logic, computation processing, and several
other functions now performed by standard complementary metal-oxide semiconductor

(CMOS) integrated circuits (194, 195).
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However, no matter the approach to be adopted in the future, there is one
important issue that is common to both major scenarios for nano and molecular
electronics: the nano-micro interface. As the nano and molecular world cannot be
directly addressed presently, any data or signal extraction of the nano-micro interface

has to be done by using the standard CMOS technology.

Fig. 30. Proposed nano-micro interface to read signals from molecular circuits operation using
molecular potentials. Variations of the MEP are able to slightly rotate the central ring by an angle ¢
of the aza-OPE molecule, this in turn varies the current I(¢) through the external circuit.

The introduction of data is not as difficult as the extraction, as the latter requires
amplification of signals from individual molecules. A few years ago, the idea of a
molecular amplifier was introduced (/87, 196). In this amplifier (Fig. 30), the rotation

of aring in a dithiotolane molecule was used to control the current through the molecule.
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The rotation of one of the phenyl rings was able to increase the current through the
molecule more than 60 times for the planar conformation over the perpendicular
conformation and much more still for larger voltages. Although the calculations were
performed using a simple molecule of the oligo phenylene—ethynylene (OPE) family,
whereby the rotation of one ring was constrained, turning the control ring exclusively
requires further analysis.

A modified OPE molecule that contains a local dipole moment in the central ring
is implemented. Thus, two of the central carbon atoms are changed by adding polar
substituents such as nitrogen, yielding the aza-OPE molecule (Fig. 31). Thus, the
molecule can be rotated by the effect of an external electric field. The effects of this
rotation, and the changes in the molecular potential it produces, are tested. With the aza-
OPE connected externally to a power source and to standard electronic amplifiers, it was
discovered that the results can be used to design a specific amplifiers able to transform a
small signal interacting with the dipole moment of the rings to a much larger signal

through the aza-OPE, as shown in Fig. 30.

5.2.1 Methodology

An OR logical gate with two ethynyl groups is used (Fig. 24) to model the circuit
from where the signal is read. The input potentials are applied to the ethynyl groups,
and the output signal is taken outside the ethylene hydrogen. The input the may be
triggered through metallic electrodes, for example using an external electric field of an
ultra-fast laser, or by using other molecules bearing a dipole, or simply by the output of
other MEP devices (/85). This approach considers that the molecular gate is in vacuum.
The substrate, certainly represents another design variable because the potential of the
substrate may or may not affect the behavior of the molecular gate as already established
in the literature (197).

Due to the symmetry of the device the vector input 01 yields identical result than
the vector input 10, which is also the case in practical gates used in present CMOS

technology.
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How does one read signals from molecules? We use a specific molecule with the
properties necessary to act as an amplifier, i.e., able to interact with the device and
simultaneously be externally connected to a power source that transforms small signals
to much larger signals. The pyridazine, 3,6-bis(phenylethynyl) (aza-OPE) molecule
(Fig. 31) is chosen as the amplifier. Its electronic structure, properties, and response for
a device are calculated and determine terminating the molecule in a hydrogen, HS, and
SAu.

The amplifier and the gate are optimized using the Becke three-parameter hybrid
exchange functional with Perdew-Wang correlation functional (B3PW91) (23, 24, 198).
The 6-31G(d, p) (199) basis set is used for the H, C, N, S and O atoms. For the gold
atoms, LANL2DZ basis sets and effective core potentials are used (20, 21, 200).

Calculations are performed using the Gaussian 03 program (201).

b

Fig. 31. Molecular amplifier molecule. Pyridazine, 3,6-bis(phenylethynyl), aza-OPE for short, with
AusS terminals. Carbon (black), sulfur (yellow), gold (green) and hydrogen (white).

5.2.2 Results and Discussion

The relative and total energies for the aza-OPE molecule are shown in the Table
7. A small amount of energy, 2.6 kcal/mol, is required to rotate the central ring 90
degrees; hopefully only small rotations requiring only fractions of kcal/mol would be
needed in order to discriminate logical levels. It is also observed that the highest
occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap or

HLG increases in 0.34 eV, which yields a decreasing of conductivity.
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Table 7. Energies, relative energies, dipole, and HOMO and LUMO energies for the plain, aza-
OPE-AuS.

Angle Energy Relative Energy Dipole Moment HOMO LUMO

®) (Ha) (kcal/mol) (Debye) eV) eV)

0 -1944.46131 0.00 3.46 -6.10 -3.56  opt
15 -1944.46099 0.20 3.48 -6.10 -3.56 sp
30 -1944.46003 0.81 3.55 -6.15 -3.54 sp
45 -1944.45792 2.13 391 -6.20 -3.54 sp
60 -1944.45765 2.30 3.94 -6.29 -3.54 sp
75 -1944.45729 2.53 3.97 -6.37 -3.51 sp
90 -1944.45714 2.62 3.98 -6.39 -3.51 opt

Isolated current voltage curves are for the aza-OPE molecule shown in Fig. 32.
The central ring of the molecule is rotated at 15 degree intervals from O to 90 degrees.
The calculations from 90 to 180 degrees are omitted since they yield the same results as
for 0 to 90 degrees (e.g. the results for 105 degrees equal to the results for 75 degrees).
The most interesting result is that the current decreases in a distinguishable as the central

ring is rotated.

3 7 0°/ /i5° 45°
4 -
= 60°
P
=T
O 750
O 1 I 900
0 0.5 1 1.5 2
Voltage (V)

Fig. 32. Current-voltage curves for the aza-OPE molecule at several torsional angles of the central
ring with respect to the other two coplanar ones.

The MEP behavior for this molecule is also calculated as the central ring is being
rotated. Fig. 33 shows how the negative potential in the plane of the molecule (red

region) disappears when the central ring is rotated.
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(B)

Fig. 33. MEP for the aza-OPE molecule rotating its central ring from 0 (coplanar) to 90 degrees
(perpendicular). (A) Front view; (B) Side view.

The high conductance of the coplanar conformation is explained in Fig. 34; the
coplanar conformation is fully delocalized and becomes more localized when the central
ring is rotated. No sharp changes are observed indicating that the change in current also

follows a steady behavior as the angle is changed.
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Fig. 34. Molecular orbitals for the aza-OPE molecule when its central ring is rotated from 0
(coplanar) to 90 (perpendicular) degrees. A bigger delocalization is shown in the LUMO+2 than in
the LUMO. As the rotation angle increases, both LUMO and LUMO+2 become more localized,
while the HOMO does not show an appreciable change.

The device is then assembled at two different distances from the output to the
nitrogen atoms in the central ring of the molecule aza-OPE (used as amplifier) as is
shown in Fig. 30. Each different combination of inputs is tested at both distances with
the results summarized in Table 8. In this case, because of the symmetry, the negative,
positive input or 01 vector has the same result as the positive-negative or 1 O input
vector. Starting with different angles of the central ring we get two different sets of
optimization angles. One set is just 0 and the other set of angles changes depending on
the output and the distance between the output and the nitrogen atoms. The energies for
these optimizations with their corresponding inputs, angles, and distances are shown in

Table 8.
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Table 8. Optimization angles, relative and total energy for each system at two different distances
when the inputs are applied.

Input Pevice Pevice Distance  Started  Deflected Relative
potentials Logical  Logical ( A) angle angle Energy (Ha) Energy

Input Output (kcal/mol)
- - 00 0 2 0.0 0.0 -2327.99032 7.85
-+ 0 1 1 2 0.0 0.0 -2327.98697 9.95
+ + 11 1 2 0.0 0.0 -2327.98269 12.64
- - 0 0 0 2 140.0 55.8 -2327.99707 3.61
-+ 0 1 1 2 140.0 54.7 -2327.99228 6.62
+ + 11 1 2 140.0 49.7 -2327.98696 9.96
- - 0 0 0 3 0.0 0.0 -2328.00283 0.00
-+ 0 1 1 3 0.0 0.0 -2327.99867 2.61
+ + 11 1 3 0.0 0.0 -2327.99362 5.78
- - 0 0 0 3 140.0 143.0 -2327.99962 2.02
-+ 0 1 1 3 140.0 140.0 -2327.99334 5.95
+ + 11 1 3 140.0 136.7 -2327.98642 10.3

The more negative the output, the bigger the optimized angle and the lower the
energy. In general, the lowest value of energy corresponds to the cases when the
distance is 3 A, and the highest energies occur when the logical device is closer to the
molecule, at 2 A and 0°. Current voltage characteristic calculated for each case are
graphed in Fig. 35. For all cases, the highest values of currents through the aza-OPE
occur at 3 A and 0°, separation and torsional, respectively, followed by 2 A and 0
degrees. The fact that we get different currents for the same angle is an indication of a
field or potential effect in the central ring able to control the current through the
molecule. For the non-zero optimized angles, the current is lower. This is particularly
true for the cases with the negative input and the larger separation of 3 A, and with an
optimization angle of 143 degrees. The current is distinguishable and the energy needed

considerably low.
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Fig. 35. Current-voltage curves for each logic input combination. (A) Input 00, (B) Input 01 and 10,
(C) Input 11.

Table 9 shows the truth table of the logical molecular gates and the possible
conversion to current at the molecular amplified using threshold values of 1 and 2 V to
discriminate between a logical zero and one. To describe the signals using the current
flowing through the aza-OPE molecule, the current at these two different voltages are
used as outputs. For every case studied, the response obtained by the amplifier also

corresponds to an OR gate.
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Table 9. Logical gates truth tables (three first columns) and response of the amplifier at a distance d
from the gate to the aza-OPE nearest point. For each distance d, two initial angles are tabulated (0
AND 140); however, other initial neighbor angles were used yielding the same optimized angle. The
output currents are calculated at two bias potentials 1 and 2 V and for each case, a suitable
threshold is used and shown at the last row of each truth table where also the type of gate is
reported according to the amplified signal (current) levels.

d(A), Output  Output  Amplifier = Amplifier

Device Device  Device
) ) initial  Optimized current  current logical logical

Input Logical Logical
angle angle (*) atlv at2'Vv output at  Output at

Potentials Inputs Output

@) (uA) (LA) v 2V
- - 0 0 0 2,0 0.0 1.57 3.42 0 0
-+ 0 1 1 2,0 0.0 1.94 5.93 1 1
+ + 1 1 1 2,0 0.0 2.55 4.53 1 1
OR 1.70 5.50 OR OR
- - 0 0 0 2,140 55.8 0.10 0.25 0 0
-+ 0 1 1 2,140 54.7 0.30 0.56 1 1
+ + 1 1 1 2,140 49.7 0.46 0.79 1 1
Thres/gate OR 0.20 0.40 OR OR
- - 0 0 0 3,0 0.0 2.08 4.47 0 0
-+ 0 1 1 3,0 0.0 2.68 9.52 1 1
+ + 1 1 1 3,0 0.0 2.82 5.20 1 1
Thres/gate OR 2.60 5.00 OR OR
- - 0 0 0 3,140 143.0 1.35 2.72 1 1
-+ 0 1 1 3,140 140.0 1.04 1.98
+ + 1 1 1 3,140 136.7 0.83 1.49 0 0
Thres/gate OR 1.20 2.00 NOR NOR

The molecular electrostatic potentials as the central ring rotates from 0 (coplanar)
to 90 (perpendicular) to 180 (coplanar) are shown in Fig. 36 for the three distinguishable
combinations of inputs. Notice that as the atoms of the central ring get inside the plane
of the other two rings are not visible due to the opaque picture representing the MEPs on
the surface of the other two rings.

We find a very interesting and unexpected finding: for cases when there is no
rotation of the central rings, still the current through the molecule is different because of

the different molecular potential applied to the aza-OPE molecule. Thus we conclude
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that the effect of the molecular potential is reminiscent of the effect of a bias gate
potential in a field effect transistor.

The weak MEP potentials are able to modulate the current through the aza-OPE
molecule, providing in addition a possibility to have an analog device. The current
increases as the applied potential from the molecular gate increases as indicated in the
first truth table from Table 9. This creates the possibility of having transistor channels
of just 1 or 2 nm long that are able to be controlled by molecular potentials thus yielding
the important ingredients for the next generation of molecular devices that are
compatible with present silicon microelectronics.

As indicated in Table 9, the important angles correspond to 0, ~60 and ~150
degrees but all of them yield similar results. This fact has also strong importance in the
development of molecular circuits as the actual resting position of the central ring with
respect to the other two, in most cases, would be unknown. Certainly, this molecular
system is just presented as proof-of-concept system rather than as a proposal for the final

design.
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©

Fig. 36. MEP for the aza-OPE molecule when the device is at 2 A from the central ring and the
central ring is rotated from 0 to 180 degrees when inputs are (A) 00, (B) 01 and (C) 11.

Strong coordination/collaboration with the chemical synthesis is paramount for

the successful implementation of molecular electronics.
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5.2.3 Conclusions

The aza-OPE molecule has the necessary properties to act as an amplifier such as
large discrimination for different torsional angles. However, this is not only limited to
actually get a current due to the rotation of the angle but also due to just the value of the
molecular potential, which strongly affect the current through the molecule even if the
torsional angle has slightly or not changed.

Our setting can read molecular potentials from molecular devices and convert
(amplify in terms of power) their signal to be compatible with the standard
microelectronics. Thus, the molecular potential gates attached to the interface amplifier
can be also be used as sensors with built-in logic for molecular discrimination purposes.
The output current through the aza-OPE molecule is the amplified signal from a chain of

logical gates representing the results of specific logical functions.

5.3  Graphene MEP Amplifier

The delocalized electronic density of graphene is highly sensitive to moieties
adsorbed on the surface, using the vibronics scenario graphene sensors (40) and
transducers (41) have been previously shown.

It has been demonstrated that information can be coded and process using
molecular electrostatic potentials, then we would like to amplify this signals to be
readable in the conventional microelectronics.

This work is a theory-experiment approach; we attempt to develop a graphene-

based sensor of MEPs from molecules in the neighborhood of the graphene surface.

5.3.1 Theoretical Approach

We propose to use graphene as a sensor of molecular electrostatic potentials; we
design a graphene sensor device able to detect negative or positive molecular
electrostatic  potentials with signal amplification suitable for conventional

microelectronics. The amplification is obtained from calculations of the changes in the
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current values due to applied potentials along graphene ribbons. The source of
electrostatic potential is obtained from self-assembled monolayers of molecules
featuring positive or negative potentials at their ends (depending of their functional
groups).

Then we carried out accurate computational chemistry techniques, ab-initio
calculations and our GENIP program to calculate the conductivity along a graphene
ribbon when molecules with a strong dipole moment and either negative or positive
molecular electrostatic potential are interacting in the two neighborhood sides of the
graphene surface as is shown in Fig. 37.

Changes in the current-voltage characteristics calculated longitudinally on the
graphene ribbon show the effect of the MEP on the electron transport when a negative
potential is applied using the molecules on the surface, the conductivity of the graphene
ribbon increases; at the same time when a positive potential is applied the conductivity
of the ribbon decreases and when the ribbon is polarized by applying a negative potential
at the left of the ribbon and a positive potential at the right side a diode-like behavior is
shown in the conductivity calculations. These results suggest a strong sensitivity of the
graphene ribbons under the presence of a molecular electrostatic potential absorbed on

the surface.
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Fig. 37. Graphene amplifier of molecular electrostatic potentials. Current response when a self-
assembled monolayers of molecules with a high dipole are adsorbed on both surfaces of the
graphene layer. Three different configurations are used: only negative potential applied, only
positive potential and half positive and half negative potential applied creating a diode-like
polarization on the graphene ribbon.

5.3.2 Experimental Approach

We perform a preliminary proof of concept experiment of the sensitivity of
graphene to external changes. We placed a graphene sample suspended between two
metal electrodes, also, between the two electrodes and under the suspended graphene
there is a third metal electrode which we use as a gate electrode (Fig. 38).

When we applied a sweep voltage through the graphene from source to drain we
obtained the current voltage characteristics shown in pink, at this point there is not gate
voltage applied, however as soon as a gate voltage is turned on the conductivity of the

ribbon changes dramatically. We tried this for different gate voltages and with these
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results we expect to find the same sensitivity of graphene when instead of the gate

voltage a self-assembly of molecules applies the field.

(A) (B)

Fig. 38. (A) Fabricated device. (B) Close view of the graphite layer edges, and of several graphene
layers.

Two pieces of copper are used as electrodes for the electrical measurements, and
are placed over photolithographic fabricated copper metal lines. Using the scotch tape
method a thin layer of graphite is placed between them as shown in Fig. 38. The copper
metal line is isolated below the graphene sample and is used as gate. The source and
probe tips are placed on the graphite layer as is shown in the diagram (Fig. 39B).

The results show that graphene is very sensitive to the electric field created by
applied electrical potential, and thus suggest a potential application of graphene as a
sensor of molecular electrostatic potentials in which the source of electrostatic potential
is obtained from self-assembled monolayers of molecules featuring positive or negative

potentials at their ends (depending of their functional groups).
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Fig. 39. (A) Experimental results of the current-voltage characteristics when gate voltages of 20 and
40 V are applied. (B) Diagram of the fabricated device.

5.3.3 Conclusions

Graphene surface sensitivity to a negative or positive electrostatic potential on
the near neighborhood has been shown using ab-initio calculations and Green function
theory. Calculations shown that signals processed at the molecular level using MEPs
can be amplified using graphene ribbons through changes in the conductivity of the
graphene ribbons. Experimentally we have shown that an electric field is digitally

detected and amplified by graphene ribbons through changes in the conductivity.
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CHAPTER VI
COMMUNICATION BETWEEN MOLECULAR SCENARIOS®

Within the margins of what is allowed by quantum mechanical rules, the ability
to read small perturbations of molecules, such as vibrations or molecular potentials, is a
key point to implement the use of molecules as sophisticated molecular/electronic
devices. Vibronics, along with the capability of molecular potentials to encode
information, are the two key scenarios for a new era of electronics (4, 202). However,
amplifiers and transducers of signals for these two scenarios are required to detect,
transport, and encode information at the molecular level, and to reach the delivery of this
technology. We are proposing graphene molecules used as terahertz generators (/9) as
the base molecules to elaborate the reading/writing of information at the molecular level
thanks to its atomic thickness. Graphene systems are considered the perfect materials to
serve as interfaces between molecular/nano electronics and current silicon electronics.

In this chapter, we achieve communication between MEPs, vibronics and
current-voltage characteristics by using the sensitive surface of graphene ribbons and a
water molecule as a simple example. The molecular potential of a molecule is affected
by the vibrational movement of atoms and the changes are then amplified through

changes in the current-voltage characteristics.

6.1 Single Molecule Detection Using Graphene Electrodes

It is shown, using density functional theory that the trapping of molecules
between graphene electrode plates can be used to sense molecules through their
vibrational fluctuations. This hypothesis is tested using water trapped on two graphene
molecules connected to a potential difference. The electric current fluctuations

generated through the junction correspond to the fluctuations of the vibrational modes.

' Parts of this chapter are reprinted with permission from Single molecule detection using graphene
electrodes, by N. L. Rangel and J. M. Seminario, 2010. J. Phys. B, 43, 155101. Copyright 2010 by IOP
Publishing.
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Since this system yield currents in a range workable by present electronic devices, the
need of further “molecular amplification” is not required. Fluctuations of the three
modes of water yield similar changes of potentials in the neighborhood accessible by
other molecules; therefore, vibrations from a single water molecule, as an example, or
vibrations from any other molecule can be transduced into electrical currents of
magnitude compatible with present silicon-technology. In the particular case of the
water molecule, a rectified potential signal is obtained from the fluctuations of the
antisymmetric stretching mode and a simple transduction is obtained from the symmetric
stretching and bending modes. It is argued that the high sensitivity is due to the strong
delocalization of the frontier molecular orbitals or molecular plasmons on graphene
electrodes, which guarantees the detection based on molecular potentials or molecular
vibrations; these plasmon-like molecules are of major importance for the development

of molecular and nano electronics.

6.1.1 Methodology

Graphene molecules (/9) are used as plasmonic plates connected to a power
supply through gold electrodes and sulfur clips. Optimized water molecules (as a typical
example of a molecule) and with different geometries that simulate the vibrational
movement of atoms for each vibrational mode, are placed between the graphene plates,
the different geometries yield changes in the molecular electrostatic potentials (MEP).

The level of theory used is the Becke three-parameter hybrid exchange functional
with the Perdew-Wang correlation functional (B3PW91) (203). The 6-31G(d) (/8) basis
set is used for the H, C, S and O atoms, and the LANL2DZ basis sets and effective core
potentials (20, 21) are used for Au atoms. Specifically, we use full optimizations with
no constrains with initial geometries based on a previous reported experience (42), and
perform calculations as described in Chapter II.

In this particular case, partially optimized or optimized separately calculations
are done to graphene molecules attached to sulfur clips and with a water molecule in-

between, in order to compare current responses at the same distance because a full
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optimization would yield unparallel graphene plaques that would beat the comparative

purpose of the calculation.

6.1.2 Results and Discussion
Molecular potential variations while the movement of atoms due to the

vibrational modes of the water molecule is shown in Fig. 40.

©)

Fig. 40. Molecular electrostatic potentials of the water molecule while atom movements due to
vibrational modes (A) bending, (B) stretching and (C) anti-symmetric stretching.
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Molecular vibrations of the water molecule yield oscillations of the molecular
potentials, which are calculated at 1.8 A above the oxygen atom (Fig. 41A). This is a
suitable distance to observe the MEPs because most of the important inter-molecular
interactions take place around that distance (/72, 204). Usually, vibrations of the agent
(water in this case) are far beyond those of the detector and therefore, are not able to
follow the vibrations of the agent; however, the concerted motion of delocalized

electrons in the detector may allow us to follow those vibrations.
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Fig. 41. (A) Molecular potential contours of the optimized water molecule in vacuum. Red lines are
negative and blue lines are positive potential contours of values ranging from -2.7 to 2.7 V. All
potential fluctuations of the water molecule are due to its vibrational modes and are calculated at
the point x located at 1.8 A from the oxygen atom. (B) Bending mode and (C) symmetric stretching:
The MEP is linear for bending and symmetric stretching displacements; therefore, the potential
(MEP) corresponds to the variations in geometry at the point x (transduction). This correspondence
is highly linear for the angle fluctuations and quadratic for the bond lengths. (D) Anti-symmetric
stretching mode: positive or negative displacements in either of the O-H bond lengths with respect
to the equilibrium geometry yield the same value of the molecular potential, resembling the
behavior of a full rectifier.
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Classically, a transducer is a device able to convert energy of one type into
energy of other type; for instance, a microphone converts pressure vibrations in air into
an electrical current. In this case, we extend the use of the term transducer to include,
for instance, changes in molecular potentials due to the vibrational movement of the
atoms. When comparing the molecular potentials versus the movement of atoms due to
their vibrational modes, we find that a linear relation (transduction process) takes place
due to the bending mode of the water molecule (Fig. 41B). Another transduction is
observed, at least for small displacements, from the antisymmetric stretching mode (Fig.
41C) and a full rectification can be observed from the symmetric stretching mode (Fig.
41D).

Therefore, changes in molecular potentials due to molecular vibrations can be
transduced and amplified into current-voltage characteristics on the delocalized
electronic surface of graphene molecules (42). A current response from each vibrational
mode is obtained when a constant voltage of 0.5 V is applied through a couple of
graphene plates as shown in Fig. 42. These changes in the molecular geometry due to
vibrational modes produce current fluctuations in the two-layer graphene junction.

The presence of a molecule between the graphene plates (sensor) produces
changes in the current response, due to perturbations of the fully delocalized electronic
density of graphene molecules (plasmons) which is sensitive to not only the trapped
molecule (probe) but also to changes in the molecular electrostatic potentials due to the
movement of the atoms. The contribution of the electrons can be either constructive or
destructive to the conductivity, producing changes in the current response for each

change in the molecular electrostatic potentials.
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Fig. 42. Current response when a bias of 0.5 V is applied through two graphene ribbons acting as
electrode plates and a water molecule (with several geometries associated to their vibrational modes)
is placed in between the plates. From left to right the optimized geometry is shown (HOH angle
104° and OH bond lengths of 0.96 A) followed by variations of this geometry due to the normal
vibrational modes. For each geometry, the bond length and angle fluctuations affect the molecular
potentials (squares and right vertical axis) and are detected through their effects on the current
(diamonds and left vertical axis) across the junction.

If instead of the water molecule, another graphene molecule is placed in-between
the junction, i.e., having now a junction of three graphene molecules, the current-voltage
characteristics can be compared to the empty two-graphene junction characteristics (Fig.
43). The optimized triple layer graphene distances of 3.26 and 3.44 A are found and we
start the optimization with the layers at the same distance of 3.47 A, which is slightly
longer (0.02 A) than the optimized bilayer and no imaginary frequencies are found
indicating that the 3-layers graphene is a local minimum. As Fig. 42 shows how
vibrational modes can be detected using graphene plates, Fig. 43 shows the effect of the
external voltage on the current (Fig. 43A and Fig. 43B) through the graphene plates
when nothing (Fig. 43C) and when another graphene molecule (Fig. 43D) is placed in

between of the graphene plates.
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Fig. 43. Current-voltage characteristics (A) and their fluctuations (B), of two (C) and three (D)
graphene molecules. The effect of the external voltage on the current through the graphene plates
when nothing (3C) and when another graphene molecule (3D) is sandwiched in-between the plates.

The three-layer graphene molecule yields a slightly larger current than the two-
layers (Fig. 43); this is against the expectation that longer systems would yield smaller
currents thus there is an additive effect when the third graphene molecule is added. The
two-graphene junction shows oscillations due to the vibrational modes between the
graphene plates; the three-graphene junction current-voltage characteristic oscillations
are also shown. We clearly observe two similar and additive oscillations in both curves.
The low frequency one corresponds to 1.2 cycles/V and the high frequency, to 5

cycles/V and their corresponding amplitudes are 0.4 and 0.5 mA respectively.
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6.1.3 Conclusions

There are fluctuations in the current through the detector when an external bias is
applied. These fluctuations come from two contributions: one from the nuclei vibrations
(vibronics) and the other from electron oscillations (plasmonics). The former is the
trivial one, nuclei move according to their intrinsic frequencies affecting the
instantaneous potential in their neighborhood (Fig. 42). However, in the later, electrons
are fully delocalized on the graphene molecules; their nature allows fluctuations and
oscillations of the electron density corresponding to the HOMO and other near
molecular orbitals. Thus, the two types of fluctuations yield changes in the current-
voltage characteristics.

Plasmons on the graphene surface enhance transduction of molecular
characteristics into signals readable by standard electronics. Thus, changes in both
molecular electrostatic potentials and vibrations of an arbitrary molecule can be

transduced and amplified into current-voltage characteristics.
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CHAPTER VII
MOLECULAR DEVICES: SWITCHES®

The main-streaming of personal computers and the surge in use of hand-held
digital devices such as cellular phones have been accompanied by a continued demand
for faster, more versatile electronic circuits. On the forefront of research in this area is
nanotechnology—designing and fabricating nano-sized electronic devices and
components that provide increased functionality compared to current silicon-based
technologies while occupying a fraction of the size. One promising solution for scaling—
down electronic devices below the present limits of photo-lithography is the molecular
circuit. Understanding and manipulating molecular conductivity is one of the initial
steps in the development of such circuits (3, 29, 186, 205), and this requires knowledge
of a particular molecule’s electrical character.

Indeed, many organic and biological molecules with conductive properties have
been examined as potential circuit elements. (202, 206, 207) Two different materials are
used in this chapter to perform as molecular switches activated by light or a mechanical
force. The first section shows a switch based on the photoreaction of vitamin D
molecule, a molecule whose electrical conductance changes in response to light is an
excellent candidate for light-activated circuits. In the second section of this chapter, a
film of gold nanoparticles encapsulated with citrate molecules is used to demonstrate a
switchable molecular conductivity activated by an external mechanical force, this switch
also has a catalytic effect that produce the release of carbon dioxide molecules from the

film.

" Parts of this chapter are reprinted with permission from:

- Light-Activated Molecular Conductivity in the Photoreactions of Vitamin Ds; by N. L. Rangel, K. S.
Williams, J. M. Seminario, 2009. J. Phys. Chem. A, 113 (24), 6740. Copyright 2009 by the American
Chemical Society.

- Switchable Molecular Conductivity, by K. Wang, N. L. Rangel, S. Kundu, J. C. Sotelo, R. M. Tovar, J.
M. Seminario, and H. Liang; 2009. J. Am. Chem. Soc., 131 (30), 10447. Copyright 2009 by the American
Chemical Society.
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7.1 Light-activated Molecular Conductivity in the Photoreactions of Vitamin D;

One light-sensitive biological molecule of interest is 7-dehydrocholesterol
(provitamin D3), which, upon exposure to ultraviolet (UV) light in the range of 240-300
nm (208), undergoes photoconversions that lead to the production of cholecalciferol
(vitamin D3). These reactions occur in the skin, naturally providing the body with a
supply of this vitamin. Its physiological importance has been established; vitamin D is
known to offer protective effects against the development of cancers of the breast, colon,
prostate, lung, and ovary (209, 210) and the therapeutic intervention and prevention of
many disorders including diabetes and osteoporosis (211).

Through extensive studies using various cellular and liposomal models, the
production of vitamin D3 in the epidermis is currently well-understood (2/2-217). An
equal effort has been given in characterizing these photoreactions outside of the body
through experimental (2/8-222) and, more recently, computational techniques (223-
226). Through their analyses, many have contributed to a more complete understanding
of the photochemical process at each stage as well as the factors—solvent and
wavelength, in particular—that influence the progression through subsequent stages
(208, 227-230).

Neither the electrical properties of the molecules in these photoreactions nor their
potential usage in a biomolecular circuit has yet to be considered. None has explored the
ability to maximize any useful electrical properties by controlling provitamin D
conversion and eliminating the undesired side products that result from over-irradiation
(231).

In this theoretical-experimental approach, we show using ab initio calculations a
behavior consistent with the activation of 7-dehydrocholesterol, a provitamin D3, as an
initial process toward ultra-violet—activated reactions of vitamin D;. We find using
molecular orbital theory that a conformation between the provitamin and the vitamin
shows higher conductance than reactant and product. We also find experimental

evidence of this electrical character by directly measuring current-voltage characteristics
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on irradiated and non-irradiated samples of the provitamin. The activation of the

provitamin D3 is characterized with an increase in current during the irradiation.

7.1.1 Methodology
7.1.1.1 Theoretical approach

The energies and geometries of the molecules participating in the photoreaction
of vitamin D3 are calculated with first principles density functional theory (DFT) using
the program Gaussian 03 (232) by means of the B3PW91 hybrid functional which uses
the fully nonlocal Becke 3 (B3) exchange functional and a combination of the
generalized gradient approximation and the GGA Perdew-Wang 1991 (PWO9l)
correlation functional with the 6-31G* basis set (23, 24, 162). This level of theory been
successfully tested to yield acceptable energetic (/9). Electron transport is calculated
using our program GENIP (233-235) to, which calculates current through molecules
using an ab initio density functional theory for the discrete and continuum components
of the system merge through a Greens function approach as is described in the
methodology Chapter 11
7.1.1.2 Experimental approach

We prepare a solution of provitamin D3 (~2mM) in a nitrogen atmosphere by
dissolving crystalline 7-dehydrocholesterol in cyclohexane (=99%). Both are obtained
from Sigma-Aldrich and are used as received from the vendor. By using a micro-
pipette, we deposit 4ulof this solution onto a borosilicate biochip patterned with gold
array microelectrodes (ABTECH Scientific, Inc.) shown in Fig. 44. The chip is dried
under nitrogen for ~3 hours and then transferred to the measurement chamber to the
TTP4 Cryogenic Probe Station customized with reaction inert red light shown (Fig. 44B)
and a UV lamp. We connect the probe tips to the IME portion of the chip (Fig. 44A),
and bias voltages are applied across the electrodes using a semiconductor analyzer. We
apply voltage in two ways—swept linearly from -1V to 1V and at constant steps of 1V.
During alternate applications of constant voltage, we expose the chip to UV light of

wavelength 254+10 nm obtained from a 4-watt-peak power lamp (90% efficiency) with
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a filter centered at 254 nm and with a bandwidth of 30 nm (hand-held UV lamp from
LDP, LLC.) for 80-second intervals. Output DC values are measured simultaneously,
and are presented in time-domain plots. We repeat this procedure until the measured
current values indicate complete photoconversion of the initial 7-dehydrocholesterol.
Identical current measurements are made for a new, clean biochip as well as one covered
with 4uL of cyclohexane. All phases of the experiment are conducted under darkroom

conditions at 298K and 1atm of pressure.
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Fig. 44. (A) The IAME-co-IME series chip from ABTECH Scientific, Inc. used for the experiment.
It contains a total of seven gold electrodes in two different configurations: electrodes 2 and 3 are the
interdigitated microsensor electrodes (IME) configuration and 4, 5, 6, and 7 are the independently
addressable microband electrodes (IAME) configuration. The chip dimensions are 1.0 cm x 1.0 cm
x 0.05 cm. Each electrode is 3 mm long, 2 pm wide, with 1-um spacing between electrodes. (B)
TTP4 Cryogenic Probe Station (Desert Cryogenics, LLLC.). Taken from Rangel et. al. (44)

7.1.2 Results and Discussion

Fig. 45 shows the initial provitamin Ds; molecule, its immediate UV product
previtamin D3, and the final product vitamin D3, which comes out from thermal
stabilization rather than from further UV exposure. Fig. 45 does not show the additional
photoproducts that come from over-irradiation of previtamin D3 such as the ring-closure
product lumisterol, which is favored at wavelengths above 300 nm and tachysterol, a

product due to cis-trans isomerization that is more probable at smaller wavelengths
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(221). Further wavelength-dependent side-products are generated from the over-

exposure of vitamin D3.(228)

provitamin D; previtamin D; vitamin Ds

CH:

o™

Fig. 45. Simplified photoreactions of vitamin D; showing the molecules analyzed in this work. The
red arrows show that the single bond is broken to form the red bonds in the previtamin D;.

Table 10. Energies, relative energies, dipole, HOMO and LUMO energies and HOMO-LUMO gaps.

Relative
Total Energy Dipole @~ HOMO LUMO HLG

Molecule Energy
(Ha) (Debye) eV) eV) V)

(kcal/mol)

Provitamin D3 -1130.182971 0.0 2.02 -5.26 -0.41 4.85
Previtamin D;  -1130.038827 90.5 1.61 -3.37 -2.29 1.08
Vitamin D3 -1130.162394 12.9 1.49 -5.31 -0.69 4.62
Tachysterol -1130.174090 5.57 1.78 -5.17 -0.69 4.35
Lumisterol -1130.162776 12.67 1.34 -5.21 -0.81 4.46
Cyclohexane -235.799891 0.00 -7.95 2.56 10.50

The relative and total energies of the molecules in the simplified reaction scheme
are shown in Table 10. The intermediate conformation at 3.92 eV (90.5 kcal/mol) above
the provitamin and the vitamin is only 12.9 kcal/mol above. From Table 10 and Fig. 47,
we notice that the highest occupied molecular orbital-lowest unoccupied molecular

orbital (HOMO-LUMO) gap (HLG) for the initial (provitamin D3) and final product
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(vitamin D3) of the photoreaction are 4.85 eV and 4.62 eV, respectively, while the
molecular transition conformation (previtamin D3) has a shorter HLG of 1.08 eV.

Fig. 46 shows the current-voltage curves calculated using our in situ developed
program GENIP (233-235). In contrast with the experimental findings, higher
conductivity is found for the final stage vitamin D3 than for the initial state provitamin
Ds;. We attribute this difference to the side products formed by the long exposure
periods able to activate those states below the tail on the onset of the UV lamp spectrum
such as tachysterol and lumisterol formed in photoreactions with wavelengths of about
295 nm (221). Because the low stability of previtamin D3, its calculation under a
current-voltage approach is really a challenge and perhaps beyond of what present
methods can calculate. Self-consistent field calculations are superb for stable molecules
but very problematic, as expected, for unstable ones. Short HOMO-LUMO gaps, i.e.,
low hardness, are indicative of poor stability of the wavefunction, which worsens as an

external field is applied to the molecule.
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Fig. 46. (A) Current-voltage characteristics for the provitamin D3 and the vitamin D3 obtained
using GENIP. The differences in current are approximately 2 nA (B) Schematic representation of
the contact between the studied single molecules and the gold electrodes (green), physical adsorption
is assumed through hydrogen bonding. The calculations only refer to a single molecule addressed
by two electrodes; certainly, in the experimental setting, a random distribution of vitamin
contaminated with side products is expected with the ends of the random sample (not each molecule)
connected to the electrodes. Thus calculations and experiment are at most complementary in their
results in order to analyze several aspects of the system rather than to make validations of each
other.
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The UV light in the experiment has a wavelength of 254+10 nm, which
corresponds to an energy range of 4.70-5.08 eV. Thus, the photons from the UV source
provide the energy to excite an electron from the HOMO to the LUMO (4.85 eV) of
provitamin D3 which in turn yields to the intermediate conformation (previtamin Ds) at
3.92 eV above. The provided energy breaks the bond of one ring as is shown in Fig. 45
and consequently stabilizing in vitamin D;. The HLG at the transition conformation
decreases but it is actually a local minimum as the reactant and the product are. The
energies of the molecular orbitals are shown in Fig. 47. The shapes of the HOMO (H)
and LUMO (L) for the three molecules in the photoreaction show localizations in the
neighborhood of the three adjacent six-member carbon rings, in which the
photoreactions take place.

Previtamin D3 and vitamin D3 both have the HOMO (Table 10) closer to the
Fermi level (-5.3 eV) of the gold contacts thus based on the solid state, they are
“electron” conductors, but on the other hand the electron-hole model is perhaps not the
best model to explore the conduction behavior in this case. A more sophisticated picture
is given by the molecular orbital theory. The localization of the molecular orbitals
(MOs) on the rings of the molecules and their HOMO-LUMO gaps suggest poor
conduction with a transport path expected through nonbonded sites connecting the
double bonds, in the experiment a self-assembled monolayer physically absorbed in the
glass substrate is expected. To make sure that no other MO’s is strongly involved in the
conduction process, we calculate the shape and energies of the HOMO-1 and HOMO-2;
they show the same degree of localization as the HOMO (shown in Fig. 47) but at larger
energy separation (1.55 eV or more) than the HOMO energy from the Fermi level. This
explanation taken from molecular orbital theory is much more suitable than using the
electron-hole models from solid state theories in which the conduction could be regarded

as “electron” conduction as opposed to “hole” conduction.
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Fig. 47. Molecular orbitals of provitamin D; (blue), previtamin D; (green), and vitamin D; (pink).
LUMO (L) and HOMO (H) shapes and energies are shown; only energies are shown for the other
MOs.

Fig. 48A shows the experimental current response of the chip when a constant
voltage of 1 V is applied between the metallic contacts. A reversible decrease in current
is observed before the application of UV light as is shown in Fig. 48B. Immediately
upon UV exposure, the current increases up to a maximum and then decreases in a
manner similar to that when the UV source is off. This behavior is only observed when
the chip is covered with the provitamin Dj solution, i.e. when the solvent is completely
evaporated and only the provitamin D3 molecules are filling the gaps between the
electrodes. The current responses for both the clean chip and the chip covered with only
solvent are measured under the same irradiation conditions used for the provitamin Ds.

Neither the chip nor the solvent displays the electrical behavior observed when the
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provitamin is present. Thus, we can confidently assign the peak in current that
accompanies UV exposure to the provitamin D3 molecules. In the experiment a change
of 5 pA is measured between the initial and final stage, such small current values can be
measured in standard CMOS electronics.

The gradual decreasing current response observed after UV exposure is
unexpected from the HLG of the molecules in the simplified reaction scheme. Because
of their similar HLGs and shape of molecular orbitals, we could expect the initial and
final resistivity to be also similar.

Additional photoproducts are guaranteed to be present due to our experimental
approach (i.e. long UV exposure times), such as lumisterol and tachysterol that are not
shown in our analysis. However, we found properties very similar to the vitamin D3 and
the presence of the additional photoproduct molecules can account for the change in
resistivity as the provitamin D3 molecules undergo photoconversion.

However, a possible change in the orientation of the molecules from a higher
order in the case of the provitamin due to its larger dipole moment to lower order in the
vitamin due to its 25% lower dipole that may carry out the decrease in conductivity in

the final stage is not ruled out.
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Fig. 48. (A) Current responses when a constant voltage of 1V is applied on the electrodes 2 and 3 of
Fig. 44 using a wait time of 100 s during an interval of time of 0.5 s. The total time for each
consecutive measurement is 6.3 minutes. The exposure to UV starts at 120s of voltage application
and continues until 200 s. (B) Current versus time plot for the provitamin D; before irradiation
using different wait times (voltage application time before start measuring), the results presented in
(A) follow the orange curve (from 100 to 200 s) where the change in current was 0.02 pA/s. Thus no
matter how many times we repeat the experiment, the I-V behavior is identically the same as long as
the sample is not irradiated. Notice in (A) that the behavior is different when the sample is expose to
UV radiation (curve 2). The UV exposure is repeated five times, when no more changes in current
are detected.

Control experiments such as pure reaction compounds and mixtures can be
performed; however, the information we would obtain as a control experiment is already
available as only the first measurement corresponds to pure provitamin Ds; all other
measurements correspond to a mixture of provitamin Ds, vitamin D3 and side products.
These measurements were needed to analyze provitamin D under UV irradiation.

We expose the sample five times to the UV light. Fig. 48 shows the first, third,
and fifth exposures. During the third exposure a change in current occurs when the UV
is turned on and the switching behavior is smaller each time that the UV is turned on and
after the fifth time when no change in current is observed which we attribute to the end
of the photoreaction, when all the provitamin D3 has reacted and no more previtamin D3

appear when the light is on.



99

7.1.3 Conclusions

We have shown by a theoretical-experimental ab initio based approach the
activation of 7-dehydrocholesterol, a provitamin D3, as an initial conformation toward
ultra-violet—activated reactions of vitamin Ds;. A molecular conformation between the
provitamin and the vitamin is found with higher conductance than reactant and product.
We also find experimental evidence of this electrical character by directly measuring
current-voltage characteristics on irradiated and non-irradiated samples of the
provitamin. The activation of the provitamin Dj; is characterized with an increase in
current during the irradiation. Energetic of the conformations and electronic structure
suggest a consistent behavior with the experiment showing a molecular switch by its
change in conductivity triggered by ultraviolet radiation of energy similar to the
calculated theoretically for the molecules. It is also proposed that based on the dipole
moment we can explain the behavior of reactant and product that happen to have most

other similar characteristics but the dipole, which strongly affects intermolecular order.

7.2 Citrate Encapsulated Gold Nanoparticles Film: Mechanocatalytic Switches

We demonstrate the switchability of the molecular conductivity of a citrate. This
was made possible through mechanical stretching of two conformers of such citrate
capped on and linked between gold nanoparticles (AuNPs) self-assembled as a film. A
complementary theory-experiment approach is used to find the electron flux in the
backbone. We found that the molecular conductivity depends on the pathways of
electrons that were controlled by the applied mechanical stress. Under stress, we could
turn the conductivity up and down for as much as ten-fold. The mechanochemistry
behind this phenomenon is an alternative branch of chemistry.

Under a tensile stress, it is possible to activate the oxidation of gold nanoparticle
and its capping citrate molecules. The mechanoactivation of oxidation was studied using
the X-ray photoelectron spectroscopy (XPS) and ab initio simulation of self-assembled

gold nanoparticles (AuNPs) on a polyvinylindene fluoride (PVDF). Generally, stress
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associated oxidation of inorganic materials is related to the stress corrosion cracking or
chemical-mechanical polishing. In contrast to modify a surface, we demonstrated the
mechano-oxidation under a highly controlled manner and the externally applied stress

was able to guide the reaction pathways and to release certain reaction products.

7.2.1 Experimental Section

Gold film samples are fabricated at Dr. Liang’s laboratory in the Mechanical
Engineering Department in Texas A&M. Polyvinylindene fluoride (PVDF) was used as
the substrate for the thin film preparation. The PVDF substrates were cleaned thoroughly
in acetone with sonication for 20 minutes and functionalized with poly allylamine
hydochloride (PAH, 0.1% by weight). The PAH has been used widely in literature for
surface functionalization due to its positive charge. The functionalized substrates were
immersed in the AuNPs solution for about 30 minutes and dried in a vacuum chamber.
After the first monolayer was deposited, the substrate was visible as light pink.
Subsequent layers were deposited by repeated alternate immersion in AuNPs solution
and drying. Finally a golden metallic luster was obtained after 8 times depositions.
Typically, these films contain aggregates of AuNPs as particles.

Surface morphologies using atomic force microscopic (AFM) images of the film
over a I um x 1 wm area are shown in Fig. 49A for the as-prepared film and Fig. 49B for
the mechanically stretched film (strain=0.5%).

The AuNPs in the as-prepared film have an average diameter of 80 nm, those in
the stretched film 100 nm, a variation of less than 25%, showing that quite possibly
some of the particles have coalesced under strain conditions while most of them remain
on the whole unstrained. The stretch, moreover, reorients the particles in the elongation
direction (left-to-right) and seems to cause the brunt of the deformation in the gaps
between adjacent particles as suggested by the increase of interstitial space between
particles in the stretched film relative to that in the as-prepared film. As a result, the
RMS surface roughness increases from ~7.6 nm for the as-prepared film to ~13.4 nm for

the stretched film. The above results relate to deformations that have been observed on
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the film surface. We do not have direct evidence that the same deformations occur also
inside the film. Nevertheless, the reorientation of the particles in the direction of the

stretching seems to indicate that this may well be the case.

Fig. 49. Noncontact mode AFM images of self-assembled Au NP film. (A) Surface morphology
without deformation. (B) Surface morphology with deformation.

7.2.2 Theoretical Section
Sodium citrate (trisodium 2-hydroxypropane-1,2,3-tricarboxylate) is used in the
experiment to encapsulate the gold NPs. In the final system all the Na* is released and

the negatively charged molecule act as interface between gold NPs.

(A)

Fig. 50. Two conformers of 2-hydroxypropane-1,2,3-tricarboxylate. (A) Citrate-1 with relative
energy of 4.60 kcal/mol is expected on the film before deformation and (B) Citrate-2, a more stable
conformer (relative energy 0.00 kcal/mol) present on the film after deformation.
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Within our model citrate molecules are encapsulating the gold NP as is shown in
Fig. 50; Citrate-1 would be present in the film before stretching and Citrate-2 after the
stretching, reaching the most stable conformation under an external force.

Finite-cluster calculations as described in Chapter II are done using density
functional theory (DFT), as implemented in the Gaussian 03 program (2017), by means of
the B3PWO1 hybrid functional—the electron correlation energy is computed using the
nonlocal Perdew-Wang (PW91) functional whereas the exchange contribution is
computed with the hybrid Becke3 (B3). All the calculations are performed using the 6-
31G(d) (199) basis set for hydrogen, carbon and oxygen atoms, and the LANL2DZ basis
sets and effective core potentials (20, 21, 200). The current through the junction is
computed via a density functional theory DFT and Green’s function implementation of

an extended Landauer formalism (GENIP (233-235)).

7.2.3 Switchable Molecular Conductivity

With recent success of making small two and three (2-D and 3-D) dimensional
structures, new understanding in electronic transfer and tunneling effects (236-243) has
provided alternative methods to detect the electronic flux (or pathway) of encapsulated
molecules. Vapor sensors and strain gauges being two widely known applications (244,
245). To date, a precise characterization of the backbone of the flux pathway is still
lacking and control of the same has not been reported (246, 247). In this work, we
demonstrate that it is possible to switch the molecular conductivity of self-assembled
citrate-capped gold nanoparticles (AuNPs) through mechanical stretching of two
conformers of the capping citrate. We could turn the conductivity as much as ten-fold.
Our results suggest that the molecular conductivity depends moderately on the local
neighborhoods of these conformers in the film of AuNPs.
7.2.3.1 Experimental results

To examine the electronic transport properties of the AuNP film, a current-
voltage (I-V) curve was measured at the room temperature. In the elongation direction

(Fig. 51), the resistance of the film was increased from 0.31 MQ to 1 MQ, due to



103

deformation, about 223% increase. On the contrary, only a moderate increase (from 62

mQ to 80 mQ) was found in the sputtered Au film, i.e., 29% increase.
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Fig. 51. I-V measurements of sputtered Au film and self-assembled AuNP film. (A), Sputtered Au
film with and without deformation; (B), Self-assembled AuNP film with and without deformation.

Our results showed that the conductivity of a self-assembled AuNP film was
dominated by the encapsulated molecules under strain. In order to understand this
further, we conduct molecular ab initio calculations.
7.2.3.2 Theoretical results

Two conformers of sodium citrate (trisodium 2-hydroxypropane-1,2,3-
tricarboxylate) with the lowest energies (Table 11) are considered to model the bridge-
molecule between two AuNPs before and after the application of an external force, as
labeled Citrate-1 (Fig. 52A) and Citrate-2 (Fig. 52B). Their configurations, when
inserted in the junctions (namely, extended with one-atom gold electrodes), are shown in
Fig. 52C and Fig. 52D. When a force is exerted on the film, it is likely that the average
inter-particle distance between the particles increases. We choose the shortest of the
molecular bridges (as measured by the distance between gold atoms), Citrate-1 (6.2 A),
as the representative between NPs before film stretching; and the longest, Citrate-2 (8.93

A), as that after. We assume that they are the representative bridges along the
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conductivity percolation paths in our model film before and after elongation,

respectively.

9
9 9
(A) (B)
4
4
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Fig. 52. Two conformers of 2-hydroxypropane-1,2,3-tricarboxylate. Stand-alone Citrate-1 (A) and
Citrate-2 (B); Extended (with one-gold-atom electrodes) Citrate-1 (C) and Citrate-2 (D).

There are two reasons for such a choice. Firstly, Citrate-1—Au, is more stable
than Citrate-2—Au, by 7.20 kcal/mol (Table 11). It is therefore a more likely
configuration to be present in the relaxed (unstretched) film. Secondly, the length
difference between each citrate is 2.73 A, such that using the average diameter of AuNPs
(70 nm), the stress-induced transition from Citrate-1 to the Citrate-2 structure is ~0.4%,

close to the calculated strain (0.5%).
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Table 11. List of energies, relative energies, HOMO and LUMO energies, and HOMO-LUMO gaps

(HLG) for the standalone and extended citrates.

Molecule Energy Relative Energy HOMO  LUMO HLG
(Ha) (kcal/mol) V) V) V)

Citrate-1 -757.729473 3.60 -8.54 -5.90 2.64
Citrate-2 -757.735219 0.00 -8.49 -5.90 2.59
Citrate-1 Au,  -1028.609268 0.00 -7.46 -6.07 1.39
Citrate-2 Au,  -1028.597795 7.20 7.18 -4.90 2.29

The transformation from a Citrate-1 junction to a Citrate-2 will affect the

electrical properties of our model film. This is already apparent from the ~65% increase

in the transport barrier as measured by the junction’s HOMO-LUMO gap (Table 11). In

such, the presence of a Citrate-2 junction will decrease the conductivity of the film. This

is in fact what we observe in the calculated I-V characteristics of the junctions (Fig.

53A).
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Fig. 53. Comparison of I-V characteristics for the AuNPs film. (A) I-V curve for the model film;

and (B) Measured I-V curve.

The resistance of the Citrate-1 junction (sample without deformation) is 0.2 MQ

(blue line); that of the Citrate-2 junction (sample with deformation) is 2 MQ (pink line).

These are compared with the resistances obtained from the measured I-V characteristics

of the self-assembled-AuNP film, with and without deformation (Fig. 53B). The film
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sample has a resistance of 0.31 MQ before deformation and 1 MQ after. In model and
experimental results (Fig. 53A and B), an increase of the resistivity is found after film
elongation. Nevertheless, they have different increasing ratio (resistance-to-
deformation/initial resistance). For simulation this ratio is 10 and for experiment about
3. This is to be expected due to the simplicity of the interface structures used in our
model film, i.e., a binary set. A slightly more realistic interface would consider a
mixture of both junctions, whereby there are more Citrate-1 junctions at the interface
before deformation and more Citrate-2 junctions after, resulting the reduction of the
increase ratio.
7.2.3.3 Conclusions

We investigated the response of electron flux of a self-assembled AuNPs film to
a mechanical force. Under stress, the electron pathway underwent a transition between
conformers of citrate encapsulated molecules. The stress-induced transition of
conductivity was confirmed both in experiments and simulation. This indicates that it is
possible to design single-electron devices which molecular conductivity could be

switched on and off and to a desired value.

7.2.4 Activation of Carbon Dioxide and Film Oxidation

Research work driven by the perspective applications in catalysis has
demonstrated that, the application of electrochemical potentiostat to core-shell
assembled Au NP catalysts can activate the surface reconstitution of the nanostructured
catalysts. The action of potential polarization on Au NP deposited glassy carbon
electrode is to trigger the catalytic activities (248, 249). It proves the property tailoring
of Au nanostructures upon electrocatalytic activation.

Most recently, an interesting work was conducted by Fernandez et al. (250).
They investigated the catalytic mechanism of Escherichia coli thioredoxin (Trx) by
applying a mechanical force in the range of 25-600 pN to a disulphide bond substrate
and monitoring the reduction rate of the bonds by Trx. Their results show that the

applied mechanical force can alter the chemistry of the catalytic site in thioredoxin
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significantly. The reduction rate decreases dramatically as the force increases from 35pN
to 300 pN for higher Trx concentration. They proposed that the increased mechanical
forces applied to target di-sulphide bonds would inhibit the activity of thioredoxin and
diminish the effectiveness of the antioxidant properties of the enzyme. It shows the
possibility that we can control the catalytic activation through mechanical force.
7.2.4.1 Simulation Results

The geometries and charges of the two citrate conformers used to describe the

model are shown in Fig. 54.

(B)
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Fig. 54. Optimized geometries and Mulliken charges for the isolated Citrate-1 (A) and Citrate-2 (B).
Bottom figures correspond to (C) Citrate-1 and Citrate-2 (D) when a gold atom is located nearby
each CO, groups.
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The Mulliken population analysis for Citrate-1 and Citrate-2 is shown in Fig.
54A and Fig. 54B; both structures are negatively charged in each CO, group. In Fig.
54C and Fig. 54D a gold atom is added per CO,, showing that the gold becomes
positively charged and helps to neutralize the negative charges of the citrates.

The Citrate-1, Citrate-2 and a layer of gold atoms are optimized, total energy,
relative energy, highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies along with their corresponding HOMO-LUMO gap
(HLG) are shown in Table 12.

Table 12. Total, relative and binding energies, dipole moment, HOMO, LUMO and HLG for every
system studied.

Dipole HOMO LUMO HLG

Molecule Energy (Ha)

(Debye) (eV) V) (eV)
Citrate-1 —-3Au  -1164.391179 0.44 -6.91 -4.65 2.26
Citrate-2 —3Au  -1164.391438  2.76 -6.78 -4.08 2.69
Gold Layer -1219.861774
Citrate-1 — 1 lay -1977.894613  3.59 -5.88 -3.48 2.39
Citrate-2 — 1 lay -1977.876243  2.72 -6.31 -3.59 2.72
Citrate-1 —2 lay -3197.787219 5.01 -5.22 -4.19 1.03
Citrate-2 -2 lay -3197.760451  2.48 -6.48 -5.52 0.95

The same neutralization of the negatively charges in the CO, groups of both
citrate conformers by the positively charged gold atoms occurs when two layers of gold
atoms are used as the surface of two AuNPs as is shown in Fig. 55A and Fig. 55B, each
citrate linking in-between AuNPs acts as stable molecules encapsulating the AuNPs,
however, when only one layer of gold is used reproducing the upper surface of the
particle, there are un-neutralized CO, groups weakening the bond of the negatively
charged CO; and yielding its release as is shown in figure Fig. 55C and Fig. 55D.

The gold acts as a catalyst of CO, carboxyl groups. When citrate molecules are

in between AuNP there is not release of CO, molecules. Under the deformation the
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distance between AuNP increases and more citrate molecules are expected on the film
surface, or simply their charge are not sufficiently neutralized and therefore increasing
the release of CO, groups. This result explains the decreasing in oxygen from carboxyl

groups after the deformation shown in Table 13.

©) (D)

Fig. 55 Optimized structure of (A) Citrate-1 in between two gold layers and (B) Citrate-2 in
between two gold layers. (C) Citrate-1 on top of a gold layer, a CO, group is released (D) Citrate-2
on top of a gold layer, two CO, groups are released. The figures show a release of CO, when the
citrate molecules are not encapsulated by gold.

Table 13. Binding energies percentage before and after deformation.

Without Deformation With Deformation

Total Area  Area Ratio Total Area  Area Ratio
O 1s (Au Oxide) 3689.9 518.9 14.06% 3906.4 1136 26.19%
O 1s (Carboxil) 738.5 20.02% 448.7 13.48%

O1ls 24325  65.92% 2321.7  60.33%
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As we have seen, the AuNPs respond to a tensile stress with structural
modifications such as adjusting inter-particle separations. This leads to stretching of the
citrate molecules capping the AuNPs. We have used X-ray Photoelectron Spectroscopy
(XPS) to explore such effects under longitudinal elongation (strain=0.5). The electron
binding energy (BE) Au 4f;, (metallic) is shifted 0.4 eV compared with the un-
stretched. The peak’s full width at half maximum (FWHM) is increased by 90%. This
suggests that the chemical environment of Au atoms is altered by the stress. The shift in
BE is an indicative of the presence of Au oxide and Au-O coordination. For the sample
without deformation, the difference of Au 4f peaks between two sets of deconvoluted
peaks is 0.7 eV that is consistent with the reported Au-O coordination XPS result. The
deconvolution results confirm that there is only a small portion of gold atoms in
coordination with oxygen. For the sample with deformation, the difference of Au 4f
peaks (between the first and third sets) is 2.9 eV, similar to the reported XPS data of
Au,0; The deconvolution results demonstrate the presence of Au oxide and a large
portion of gold atoms in coordination with oxygen, which causes the spectrum shift
under deformation.
7.2.4.2 Conclusions

We investigated mechano-oxidation of capping citrate molecules in self-
assembled AuNPs. Results showed that a mechanical force could catalyze the
carboxylate group in the capping citrate resulting in the oxidation of citrate and releasing
of CO,. The gold itself was also oxidized. The oxidation of citrate and gold under stress
was controllable by its amplitude. The simple method is feasible for other chemical

systems. The use of NPs further improves the controllability of reactions.
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CHAPTER VIII
VIBRONICS AND PLASMONICS GRAPHENE SENSORS"

A high sensitivity and selectivity sensor is proposed using graphene ribbons able
to read molecular vibrations and molecular electrostatic potentials, acting as an amplifier
and as a transducer converting molecular signals into current-voltage quantities of
standard electronics. Two sensing mechanisms are used to demonstrate the concept
using ab-initio density functional methods. The terahertz region of the graphene
spectrum can be used to characterize generated modes when single molecules are
adsorbed on the ribbon surface. Characteristic modes can be obtained and used as
fingerprints, which can be transduced into current by applying a voltage along the
ribbons. On the other hand, the fully delocalized frontier molecular orbitals of graphene
ribbons, commonly denominated plasmons in larger solid state structures, are extremely
sensitive to any moiety approach; once plasmons are in contact with an “agent” (actually
its molecular potential), the transport through the ribbons acting as electrodes catching
the signals, is strongly affected.

In this chapter two detection scenarios are used for detection using graphene
ribbons (Fig. 56): The generation of terahertz signals due to vibrations between the
absorbed molecule and the ribbon (Fig. 56A) where the signals can be recovered thanks
to the few low frequency modes present in the single layer graphene, and the effect on
the electrical transport when the sandwich-like arrangement of ribbons are used as
electrodes (Fig. 56B) as well as the effect when the agent molecule interacts with the

delocalized electron density on the ribbon surface are presented.

" Parts of this chapter are reprinted with permission from:

- Graphene terahertz generators for molecular circuits and sensors; by N. L. Rangel and J. M. Seminario,
2008. J. Phys. Chem. A, 112 (51), 13699. Copyright 2008 by the American Chemical Society.

- Vibronics and plasmonics based graphene sensors, by N. L. Rangel and J. M. Seminario, 2010. J. Chem.
Phys., 132, 125102: 1-4. Copyright 2010 by the American Institute of Physics.
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(A) (B)

Fig. 56. Proposed scenarios using graphene ribbons as detectors. (A) Characteristic vibrations
under the presence of an agent molecule on the surface of a graphene ribbon. Terahertz signals are
transduced and amplified in terms of current-voltage characteristics. (B) Graphene plasmonic
electrodes: The fully delocalized molecular orbitals of graphene ribbons act as plasmons on the
surface, and are able to detect molecular vibrations by changes in the current flowing through the
two ribbons acting as electrodes. Both panels show the fully delocalized highest occupied molecular
orbital (HOMO) of graphene.

The hybrid functional MO05-2X, which has an improved performance for
nonbonded interactions and zm-7 stacking,(27) is used as level of theory, the optimized
structure of the graphene nanoribbons (GNRs) is calculated in every case. All
calculations are performed with the 6-31G(d) basis using the program Gaussian 03
(revision EO1).(201) Once the optimized geometries are found, the Raman spectrum is
calculated. Current-voltage characteristics are calculated as needed using the program

GENIP as described in Chapter II.

8.1 Graphene Terahertz Generator

Currently, graphene nanoribbons (GNRs) with less than 10 nm width can be
fabricated and used as semiconductors (25/). Their Raman spectra have been
determined experimentally for different numbers of layers (252). With this information,
an opportunity for new graphene applications is presented here: a sensor in the terahertz

region.
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Fig. 57. Graphene nanoribbons (GNRs) used considering different edges configurations. GNR-1:
zigzag and armchair edges GNR-2: Monolayer graphene with both zigzag edges and GNR-3:
Monolayer graphene with zigzag (horizontal) and armchair (vertical) edges. At the bottom the
bilayer structures of GRN-1, GRN-2 and GRN-3. Black spheres are carbon atoms and blue spheres
are hydrogen atoms.

The coupling between graphene layers is evaluated through the binding energies,
i.e., difference between the total energy of the optimized cluster with the energies sum of
the optimized individual layers. The total and binding energies, highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)
energies, HOMO-LUMO gap (HLG) energies along with their imaginary frequencies for
the optimized structures are shown in Fig. 57 are presented in Table 14.

The only one imaginary frequency (11.1i) is obtained for the bilayer GNR-3.
The interlayer distance is shorter for the GNR with zigzag edges and the binding energy
is slightly affected by them. The GNRs shown in Fig. 57 are also calculated without
hydrogen atoms at the edges (non-passivated structures), and the binding energy is 0.5
kcal/mol stronger, since the hydrogen-hydrogen repulsion are eliminated from the
system. The HLGs are shorter in the bilayer compared with the single layer for each
GNR case, the effect of the edges in the HLG is noticed comparing GNR-2 and GNR-3,

larger gap is presented with armchair edges than with zigzag edges, and finally the gap is
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also affected by the number of carbon atoms as is noticed comparing GNR-1 with GNR-

2 and GNR-3, with a larger number of carbons the HLG trends to decrease.

Table 14. Monolayer and bilayer graphene nanoribbon results, including total energy, binding
energy (between layers), HOMO and LUMO energies, HLGs and number of imaginary frequencies.

GNR Total Binding
HOMO LUMO # of Im
Mono/Bi- Energy Energy HLG
(eV) (eV) Fregs
layer (Ha) (kcal/mol)
GNR-1 -921.841934 - -6.67 -0.63 6.04 0
Bilayer-
-1843.702717 -11.83 -6.31 -0.63 5.69 0
GNR-1
GNR-2  -1151.680690 -5.61 -1.77 3.84 0
Bilayer-
-2303.386572 -15.81 -5.36 -1.82 3.54 0
GNR-2
GNR-3  -1151.693127 -5.77 -1.61 4.16 0
Bilayer-
-2303.410458 -15.19 -5.44 -1.55 3.89 1
GNR-3

Symmetry of the GNR-1 and GNR-2 is C,y, and for GNR-3 is C;. As is shown in
Fig. 58, modes without Raman amplitude are presented at low frequencies for the
ribbons with C,y. They are all visible for the graphene with C;.

None of the monolayer GNRs show either visible or hidden modes of frequencies
in the range less than 50 cm™. The GNR-1 does not present any visible mode for
frequencies lower than 300 cm™, for this reason this is the ribbon used for the sensing

calculations in this section.
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Fig. 58. Frequency spectrum for the nanoribbons described in Fig. 57. From bottom to top the
spectrum of GNR-1 (pink), GNR-2 (green), GNR-3 (blue), bilayer GNR-2 (green) and bilayer-GNR-
3 (blue).

One possible application of graphene is to use it as a molecular sensor using
molecular vibrations (vibronics) (3). Vibronics can be used to sense or transport signals
and theoretical simulations have shown the possible use for sensors to identify single
molecules with modes in the terahertz (THz) region. The vibrational spectrum of
monolayer and multilayer graphene, characterization along with its applications as part
of a molecular circuit are the main topics focused in this work.

The GNR-1 and its bilayer shown in Fig. 57 with the trilayer clusters GNR-1
using Bernal and rhombohedral stacking shown in Fig. 59 are used to detect the presence

of an adsorbed molecule in their surfaces.
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Fig. 59. Clusters of three layers of GNR-1 passivated using hydrogen atoms (blue). (A) Top view of
a tri-layer graphene using Bernal stacking ABAB. (B) Top view of tri-layer graphene with
rhombohedral stacking order ABCAB.

The energies for the trilayer clusters of GNR-1 are shown in Table 15, in the

same way as for the monolayer and bilayer shown in Table 14.

Table 15. Total energy, binding energy (between layers), HOMO and LUMO energies, HLG,
number of imaginary frequencies, and interlayer distances for the GNR-1 clusters used for
vibronics.

Trilayer  Total Binding Interlayer
HOMO LUMO Im
GNR-1  Energy Energy HLG distance
‘ V) V) Freq ,
stacking (Ha) (kcal/mol) (A)
ABA -2765.562167  -22.82 -6.10 -0.54 555 2 3.43
ABC -2765.562937  -23.30 -6.12 -0.57 555 0 3.44

Imaginary frequencies are obtained for the tri-layer with Bernal stacking (ABA)
with values 10.8i and 5.2i. The binding energy is slightly affected by the stacking order
being ~0.5 kcal/mol stronger in the Bernal stacking.

Raman intensities for low frequencies are shown in Fig. 60, for both passivated
(blue lines) and non-passivated (pink lines) structures of the monolayer, bilayer and
trilayer GNR. Fewer modes are present when there is not hydrogen passivation in the
clusters, as expected if the number of layer increases the number of modes also increase

and so the number of modes generated at the low frequencies.
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Fig. 60. Graphene nanoribbons as source of terahertz signals. Both hydrogen passivated and non-
passivated structures show that the frequency spectrum for single graphene layer starts at
frequencies greater than 300 cm”, while the second and third layered cluster structures show
Raman intensities in the terahertz region (less than 100 cm™). Vertical lines in the two lower spectra
show all, the non-active and active Raman vibrational modes.

8.2  Graphene Vibronics Sensor

The appearance of THz modes in the graphene spectrum occurs when molecules
are adsorbed in the surface, even if the molecules do not have a signature in such region.
These characteristic peaks can be used as THz-fingerprints of single molecules. Even
though the effect of temperature and the substrate on the graphene Raman spectroscopy
is still unclear (253), its room temperature vibrational modes could be used as sensors of
single molecules and the FLG as a generator of THz signals. Certainly, vibronics is only
one of the several possible graphene applications; however, as ideas emerge daily they
are being developed and integrated in our current research.

The optimized GNR-1, its bilayer and trilayer (Bernal and rhombohedral)

clusters are used as sensors of molecules. The molecules adsorbed in the surfaces are O,
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and N, for the sake of proof-of-concept; their small size facilitates the calculations, but
this approach can be extended to any molecule, or explosive as is shown in the next
section. Each cluster is optimized with the adsorbed molecule. Total energies of the
structures, HOMO, LUMO and HLG energies along with the binding energies of the

sensed molecules, i. e., the N, or O, are shown in Table 16 and Table 17, respectively.

Table 16. Total energy, binding energy (absorption of N,), HOMO and LUMO energies, HLG,
number (value) of imaginary frequencies for the graphene clusters with N.

Total Binding
GNR-1 E E HOMO - LUMO HLG ImF
- ner ner m Fre
gy gy V) V) q
(Ha) (kcal/mol)

Monolayer-N, -1031.358712 -1.51 -6.67 -0.65 6.01 1 (-46.681)
Bilayer-N, -1953.220201 -1.95 -6.31 -0.63  5.69 1(-7.081)
Tri-layer-N;

-2875.079784 -2.04 -6.12 -0.54 558  1(-8.111)
(ABAB...)

Tri-layer —N,

-2875.080712 -2.14 -6.12 -0.57 555

(ABCABC...)

Table 17. Total energy, binding energy (absorption of O,), dipole moment, HOMO and LUMO
energies, HLG, number (value) of imaginary frequencies for the graphene clusters with O,.

Binding
Total Energy HOMO LUMO Im
-GNR-1 Energy HLG
(Ha) eV) V) Freq
(kcal/mol)

Monolayer-O, -1072.139125 -1.72 -6.67 -6.67 -0.63 -0.73 593 0
Bilayer- O,  -1994.000466 -2.07 -6.29  -6.29 -0.60 -0.63 5.66 0
Tri-layer- O,
(ABAB...)

-2915.859914 -2.06 -6.10 -6.10 -0.54 -0.54 5.55

Tri-layer — O,

2915861017 227 612 -6.12 057 -057 555 0
(ABCABC...)
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The Raman spectrum of clusters with molecules adsorbed on the surface, is
calculated and compared with the spectrum for the GNR-1 before the presence of
molecules, N, and O, and are shown respectively in Fig. 61 and Fig. 62. Hidden and
visible modes in the range lower than 300 cm™ are compared for each cluster before and
after the adsorption of molecules, also the modes generated by adding more layers are

considered.

l
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Fig. 61. Frequency spectrum for graphene nanoribbons acting as sensors of single molecules N, with
terahertz fingerprints From bottom to top, GNR-1 frequency modes (pink vertical lines) and its
Raman spectrum (pink). Spectrum of GNR-1 with N, adsorbed (blue), bilayer GNR-1 adsorbing N,
(green) and trilayer GNR-1 adsorbing N, (brown).

At 292 cm™ there is a mode corresponding to the nitrogen molecule, which
appears for the single, double and triple layer. Other characteristic modes can be
identified as fingerprints of the molecule sensed depending of the number of graphene

layers used.
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Fig. 62. Frequency spectrum for graphene nanoribbons acting as sensors of single molecules O,
with terahertz fingerprints From bottom to top, GNR-1 frequency modes (pink vertical lines) and
its Raman spectrum (pink). Spectrum of GNR-1 with O, adsorbed (blue), bilayer GNR-1 adsorbing
0, (green) and trilayer GNR-1 adsorbing O, (brown).

Between 23 and 25 cm™ a mode appears in each GNR cluster due to the presence
of the oxygen molecule.

This sensing mechanism can be applied to any agent molecule. We use an
armchair ribbon with four units of zigzag edge Fig. 63B, because from the HLG
calculations shown in Chapter IV we notice a strong dependence of the dominant edge
that we wanted to avoid in order to generalize the results for graphene ribbons. As a side
advantage, the zigzag ends are more reactive and thus convenient for the chemical
attachment of the graphene ribbons to the electrodes, through sulfur clips in the transport
calculations.

The surface sensitivity of graphene ribbons is studied using the molecules shown
in Fig. 63 (the dimer Fig. 63A top) and trimer (Fig. 63B bottom) of acetone peroxide
explosive molecules. They can be used as models to develop sensors for other
explosives because they are very challenging to be detected by current sensors due to

their minimal absorbance, fluorescence, and molecular recognition patterns. However,
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the same concept of novel signature mechanisms using graphene ribbons as mentioned

earlier in this chapter can be used with other chemical or biological agents.

9 4

(A) (B)

Fig. 63. (A) Molecules used to show the sensing application, the dimer (top) and trimer (bottom) of
acetone peroxide. (B) Graphene ribbon used as sensor material of acetone peroxide based
explosives.

The characteristic modes that can be used as fingerprints of the triacetone
triperoxide dimer for the detection using graphene ribbons are, 0.7, 0.75 and 0.95 THz,
and for the trimer, 0.3 and 0.35 THz (Fig. 64). These modes are attributed to the
adsorption of the molecules on the graphene surface; however, it is difficult to
distinguish differences between spectra taken with and without the agent because the
observed modes of the agent can be mixed with the intrinsic modes of graphene.
Therefore, spectroscopic detectors that could handle intensities in the THz region,
different than those used in IR or Raman spectroscopies are needed. For example,
inelastic electron tunneling spectroscopy (254) could be used for the for detection

purposes.
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Fig. 64. Raman and infrared vibrational frequency spectrum of diacetone diperoxide (pink line),
triacetone triperoxide (blue line), graphene ribbon (red line) diacetone diperoxide adsorbed in
graphene (green) and triacetone triperoxide adsorbed on graphene (gray line). Vibrational modes
generated in the low region of the spectrum (below 50 cm™).

IR intensities

8.3  Plasmonic Graphene Sensors

Graphene ribbons are used as sensors of dimer and trimers of acetone peroxide
by calculating the current transversally and longitudinally. When the agent molecule is
adsorbed on the surface of the graphene ribbon, new vibrational modes are generated in
the terahertz region as previously shown in Fig. 64. The frequency calculations for
multiple graphene layers show that vibrations between layers are in the same region as
vibrations layer-molecule and therefore multiple layers of graphene are not convenient
for the spectroscopic sensing in the terahertz region because the frequencies of modes

can be misleading.
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The electronic density on the graphene ribbons is completely delocalized on the

surface, as shown with the molecular orbitals in Fig. 65,

Fig. 65. Shape and energies of the molecular orbitals for the graphene ribbon chosen for the sensing
calculations (left), following Fig. 14 the size is 7acx4zz.

In Fig. 66 we show an attempt to amplify the vibrations between the ribbon and
the adsorbed agent by measuring the current longitudinally through the ribbon; however,
the changes in conductivity are very small with and without the dimer and trimer
molecules to be reliable and used as a sensing mechanism. The absorption of the agent
molecules has a week effect on the electronic density of the graphene ribbons; the
frontier molecular orbitals are always delocalized in the surface of the graphene
molecules, and therefore the conductivity of any adsorbed agent is does not affect the

graphene conductivity.
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Fig. 66. Current-voltage characteristics calculated longitudinally on the ribbon isolated (blue) when
the dimer (red) and trimer (green) of acetone peroxide are adsorbed on the surface. A thio group is
used in each case as “‘alligator’” to bond chemically the ribbons to the gold electrodes. The changes
are not distinguishable for sensing or amplification.

Better results are obtained when the graphene ribbons are used as a sandwich-
like arrangement, trapping the adsorbed molecule in-between. The optimized distance of
the dimer sandwich is 9.15 A and the trimer is 10.4 A, however for comparison purposes
we used 14.0 A in both cases for the transport calculations, therefore there is not distance
effect in the conductivity results.

When the current-voltage characteristics are calculated transversally along a
couple of graphene ribbons, the changes in current are noticeable and can be used to
amplify the signal indicating the presence of agent molecules such as the dimer and

trimer of acetone peroxide (Fig. 67.).
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Fig. 67. (A) Current-voltage characteristics calculated transversally between two graphene ribbons
located at the same distance when (B) there is not molecule in between, (C) a dimer is adsorbed in
the middle of the ribbons and (D) a trimer is adsorbed between the ribbons. Larger current values
are obtained for the dimer than for the trimer.

The conductivity calculated transversally through the ribbons shows changes in

of electrons and therefore smaller conductivity than the dimer.

the conductivity under the presence of the adsorbed molecules in between, even though
the dimer molecule is smaller than the trimer, the conductivity is larger, which we
attribute to the most outer atoms that in the dimer case are oxygen atoms, which are
more electronically dense and contribute to the transport across ribbons contrasting the

trimer agent where the outer atoms are hydrogen yielding less channels for the transport
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8.4 Conclusions

The interaction between graphene layers yields vibrational modes in the terahertz
region of the spectrum, independent of the type of edges, the presence of hydrogen
pasivating the layers, or the number of layers. The presence of molecules on a graphene
membrane can be detected from its vibrational modes in the terahertz spectrum. The
interlayer distance of ribbons with zigzag edges is shorter. However, binding energies
are slightly affected by the edge Passivation with hydrogen; 2.5 kcal/mol stronger
binding when there is not hydrogen. Also the binding energy is slightly affected by the
stacking order ~0.5 kcal/mol stronger in the Bernal stacking.

The electronic density of graphene molecules is delocalized on their external
surfaces; they are plasmons, which can be used as highly selective and sensitive sensors
as well as amplifiers of molecular potentials and vibrations. Two sensing mechanisms
are used to demonstrate the concept in this work by ab initio density functional methods.
Using a single graphene layer, a molecule adsorbed on the surface can be detected by
spectroscopic methods as new vibrational modes are generated on the terahertz region.
A sandwich-like sensor can be used to detect and amplify signals from molecules by

measuring the current though the ribbons.
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CHAPTER IX
GRAPHENE SIGNAL MIXER®

A multilayer graphene device performing as mixer of signals is shown by a
theoretical-experimental approach. Using a combination of density functional and green
function’s theories, current-voltage fluctuations are found across three layers graphene
clusters. These fluctuations come from the nuclei vibrations and layers displacements;
instantaneous potential in the neighborhood of graphene affects the intrinsic behavior of
the electron density corresponding to the HOMO and other energetically close molecular
orbitals. We corroborate through a proof of concept experiment the non-linearity of the
current versus applied bias characteristics using a sample of few layers graphene by
introducing two AC signals of different frequencies the recovered output signal contains
the input signals and harmonic signals of second and third order. Thus, vibrations
between graphene layers and high sensitivity surface make graphene a mixer material
able to modulate and demodulate signals, in sensing science terahertz fingerprints of the
molecular agent are the mixer inputs.

Integration of novel and traditional scenarios to develop nano-devices allows an
upgrade of conventional engineering applications with modern nanotechnologies such as
molecular-electronics as molecular gates and single-electron transistors, which may be
applied to develop devices for the post CMOS era such as ultra-small memories and
carbon based devices (255), solar cells, catalysis, sensing chemical and biological
agents, biotechnology, medicine and photoelectronics. A mixer device takes two signals
of different frequencies as input and yields one or more output signals with frequencies
that are combinations of the input frequencies. This device is useful for the
manipulation of signals to encode and transport information (256). In sensing science, a
mixer is an ideal electronic device because it may performs as a displacement sensor,
mass detectors and devices for radio frequency signal processing by demodulation of the

input signals.

" Graphene mixer of signals for sensing applications; by N. L. Rangel, A. Gimenez, A. Sinitskii and J. M.
Seminario. 2010. J. Am. Chem. Soc., under review. Copyright 2011 by the American Chemical Society.
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Applications of nonlinear electronics include RF signal mixing, detection of very
weak forces and displacements (257, 258). Carbon nanotubes have been used as
electromechanical oscillators able to act as transducers of small forces (258), and as
sensors of their own motion (259).

It has been proposed that nanotube-based transistors are able to operate at
frequencies in the terahertz region as generators, frequency multipliers and detectors
(260); carbon nanotube transistors are good candidates for RF and opto electronics
(261), however, fabrication of nanotube arrays with controllable chirality and diameters
is still a challenge for large scale fabrication of the devices.

The cross section of graphene, just one atomic wide, and its electrical properties
allow us to detect and amplify signals encoded at the molecular level as vibrations or
potentials (vibronics or the molecular electrostatic potential scenarios (40)) as well as to
amplify them into present electronic technologies. Graphene mechanical properties,
such as stiffness, allow the implementation of electromechanical resonators that
integrated with a graphene based transducer device (4/) can be used as displacement
sensors and detectors of very weak forces. Other examples of nonlinear devices are the
graphene frequency multipliers (262, 263) whereby frequency doubling is achieved by
biasing the gate of a single layer graphene transistor; and the ambipolar frequency mixer
(264), which has been shown using a single graphene transistor acting as a RF mixer
device.

We have previously proposed two sensing scenarios using graphene ribbons as
described in Chapter VIII. One is based on the generation of characteristic terahertz
signals from vibrations between an absorbed molecule on a single layer of graphene (40,
42) the generated signals are characteristic for each molecule being detected. The
second scenario is based on the electrical transport through graphene electrodes (41);
when the agent molecule is absorbed between graphene layers, different states of
conductance are reached due to the interaction of the absorbed molecule with the
delocalized electron density of graphene. The high sensitivity of graphene ribbons is

due to their full delocalization of frontier molecular orbitals (plasmonic), which improve
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the detection of very small species from the effect on large substrates rather than
detecting the actual small molecules (40).

The appearance of THz modes in the graphene spectrum occurs when molecules
or extra layers are adsorbed on the graphene surface. These characteristic peaks can be
used as THz fingerprints since they are characteristic for every single molecule and
along with the changes in the conductivity allow the implementation of graphene ribbons
as highly selective and sensitive sensors/generators of terahertz signals.

The proposed research methodology in this chapter is a combination of molecular

calculations and proof of concept experiments.

9.1 Theoretical Approach

Geometry optimizations and second derivatives are calculated, searching for
local minima. Calculations are performed with the program GAUSSIAN-09 . The M05-
2X meta functional to improve the performance with nonbonded interactions and n-nt
stacking (27); also yields good binding energies from geometry optimizations of
molecules non-covalently bonded. The basis set used is 6-31G(d) (/7) for carbon, sulfur
and hydrogen atoms, and Los Alamos National Laboratory (LANL2DZ) basis set (20,
21) for heavy atoms such as gold in this case.

The restricted molecule (model under study itself), i.e. three graphene layers
(Fig. 68) is fully optimized without any constraints, sulfur and an interfacial gold atoms
are added to each outer graphene layer and single point calculations are performed, the
optimized geometry of a C-S-Au group is used to chemically attach the graphene layers

to the gold nano-electrodes (Fig. 68).
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Fig. 68. Optimized three graphene layers (restricted molecule) with sulfur clips and gold interfacial
atoms to chemically bond the graphene ribbon to gold nanoelectrodes. The extended molecule is
composed of the restricted molecule, sulfur clips and interfacial atoms. The three-graphene layers
are separated by distances A and B.

Calculations to obtain the Hamiltonian and overlap matrices when a dipole field
is applied to the extended molecule are performed using Gaussian-09 , along with the
partial density of state of the gold nanoelectrodes calculated using Crystal-06 (265) are
introduced to our in situ developed program, GENIP (233-235) to calculate the electron
transport characteristics. The formalism in GENIP is a combination of density
functional theory and Green’s function theory, which considers the local nature (discrete
electronic states) and the continuous electronic states of the nanocontacts on the
extended molecule.

Subsequently, calculations varying the interlayer distances A and B (Fig. 68) at
constant values of 3.32, 3.42 and 3.52 A are performed.
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9.2  Experimental Approach

The chip structure consists of four metal electrodes on top of an insulator
substrate (Fig. 69). The left and right electrodes are separated by a 100 nm gap; bottom
and top electrodes are positioned at 2 um from the narrow gap. The chips are fabricated
using a conventional electron-beam lithography technique (266). 20 nm of platinum are
deposited on a silicon wafer substrate via electron-beam evaporation.

The graphene sample is physically adsorbed and located on top of the gaps. The
“scotch tape” pealing technique, based on the mechanical exfoliation technique (/48), is
used to obtain graphene samples of few layers (85). This technique has been widely
used by researchers because is simple, cheap, and effective; although the films are
usually uneven e.g. different sizes, shapes and number of layers are obtained. The
number of layers in each graphene sample is estimated through SEM images of the

graphene sample edges.

Fig. 69. Scanning electron micrograph image of the chip fabricated by electron beam lithography.
Four platinum electrodes of approximately 20 nm thickness, the narrow gap is 100 nm length and
the top and bottom electrodes are separated from the gap by 2 pm.

The fabricated device is characterized morphologically using the scanning
electron microscopy (SEM) JSM-6400, JEOL. The electronic characterization of the
devices is performed inside a probe station (Lakeshore Cryogenic probe station), in a
high vacuum (about 107 torr) chamber to exclude environmental effects. Measurements

are performed using a HP4145 semiconductor parameter analyzer and function
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generators (AFG 3252) (34) and oscilloscope (TDS 5104) (33). The maximum
operating frequency is limited by the instrument and coaxial cable capabilities. The

temperature during the measurements is kept constant at 300 K.

9.3  Results and Discussion

A geometry optimization of the three-layer graphene molecules (restricted
molecule) yield an optimized average distance between layers of A= 3.42 A and B= 3.44
A (Fig. 68). To simulate the vibrational movement of graphene layers, subsequent
optimizations are carried out keeping the distance between layers (A and B) constant at
3.32, 2.42 and 3.52 A values. A resemblance to the vibrational “breathing” movement
between layers is performed, setting “A” and “B” to show compressing (A = B = 3.32
A), stretching (A = B = 3.52 A) and anti-symmetric (A = 3.32 and B = 3.52 A)
vibrations between layers. The largest barrier to keep the layers at a constant distance is
0.52 kcal/mol (Table 18), corresponding to the relative energy of the layers separated by
A =B =3.52 A with respect to the freely optimized system.

Table 18. Total and relative energies for the three-layer graphene molecules (restricted molecule
Fig. 68) when freely optimized (opt) and when A and B are frozen (opt modR).

. o . Total Energy  Relative Energy
Calculation type AA) B(A)

(Ha) (kcal/mol)
Opt 3.424 3424  -2765.562715 0.00
Opt modR 3.42 342 -2765.562699 0.01
Opt modR 3.32 352 -2765.562231 0.30
Opt modR 3.32 332  -2765.561983 0.45
Opt modR 3.52 3.52  -2765.561875 0.52

Energies from single-point calculations for the extended molecule (Fig. 68) are
shown in Table 19. The largest barrier is for the graphene layers at 3.32 A and the

shortest barrier corresponds to the stretched complex. The gold-gold distance varies
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from 12.82 to 13.05 A, and the effect can be observed on the current-voltage curves,

where the compressed case is more conductive than the stretched one. (Figure 3).

Table 19. Total, relative HOMO, LUMO and HLG energies for the single point calculations for
three layer graphene molecules with sulfur clips and gold interfacial atoms (extended molecule).
Au-Au distance is shown for each studied case.

Au-Au
. . Total Energy Relative Energy HOMO LUMO  HLG
AA) B(A) distance
(Ha) (kcal/mol) (eV) (eV) (eV) .
(A)

- - -3832.190621 0.00 -3.65 -2.76 0.88 12.82
3.42 342  -3832.189789 0.52 -3.65 -2.76 0.89 12.76
3.32 3.52  -3832.188905 1.06 -3.64 -2.76 0.89 12.76
3.32 3.32  -3832.187500 1.93 -3.64 -2.72 0.92 12.51
3.52 3.52  -3832.189885 0.46 -3.65 -2.79 0.86 13.00

Calculations of electron transport for the three three-layer graphene extended
molecule show oscillations (Fig. 70A) when the structure is freely optimized. In the
nonlinear behavior the response (current) is not proportional to its input (voltage). This
nonlinearity is attributed to the fluctuations due to the vibrational modes between layers
and is corroborated by the calculations where A is shorter than B (Fig. 70B). The two
cases showing oscillations are embedded into the stretching (purple line) and
compressing (green line) curves of Fig. 70, as expected when compression occurs the
Au-Au distance is shorter and thus larger conductivity is shown opposite to the
stretching case where the conductivity slightly changes down. The current fluctuations

diminish when the graphene layers are kept at the same distance.



134

6 6 - P
/’K
< = =
= 4 2 4
o = /
i 5
a 2 3 2
T T IO T 1 T T T IO T T T 1
0.7 -0.5 -0.3 0.1 0.3 0.5 0.7 -0.7 -0.5 0.3 0.1 0.3 0.5 0.7
9 Voltage (V) 2 Voltage (V)
¥/
4 /4 4
,J“'/-
6 / 6 4
(A) B)

Fig. 70. Current-voltage characteristics using Genip (A) Current voltage characteristics at the
optimized distances A = 3.42 Aand B =344 A (B) current voltage characteristics when the distance
between layers are kept constant at A=B=3.32 A (green), A=B=3.52 A (purple) and A = 3.32 A and B
= 3.52 (blue).

This nonlinearity conductivity suggests multilayer graphene may act as signal
mixer; therefore, we performed an experimental study, using a four-probe station (Fig.

71A) to apply and recover the signals of a few layers graphene sample.

(A)

(B)

Fig. 71. (A) Four probe station chamber; each probe tip has a 3 pm diameter. (B) Fabricated
device, a graphene sample of approximately six layers covers the gaps, two electrical signals are
applied from the bottom of graphene using a pair of electrodes and the output is recovered from the
top of the graphene sample.

Pairs of electrodes in the chip are used as input 1 and input 2 to introduce two

signals from the bottom of the sample and with different frequencies (F1 and F2) to the
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graphene sample. The output is recovered directly from the top of the graphene sample

using a 3-um diameter probe as is shown in Fig. 71B.
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Fig. 72. Graphene signal mixer. (A) Modulation of signals 300 kHz and 2500 kHz. (B) Demodulation
of 2500 and 2800 kHz.

Second and third order frequency signals are recovered in the output, and the
results shown in this work are representative of all of our measured devices. When we
apply a large-frequency signal of 2500 kHz (F1) and a low-frequency signal of 300 kHz
(F2) to the graphene sample, we recover at the output the two introduced inputs and

second-order modulated signals corresponding to the peaks at 2200 kHz (IF2-F11), 2800
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kHz (F1+F2) and other harmonics (Fig. 72A). In addition, when two close frequency
signals F1 = 2500 and F2 = 2800 kHz are introduced using the input electrodes, the
graphene sample is able to demodulate the signal by subtracting the two inputs (IF2-F11)
and showing a peak at 300 kHz as is shown in Fig. 72B.

The mixing performance of multilayer graphene is reproducible repeatedly,
however, not all the samples show signals of second order as those shown in Fig. 72,
some of the samples, especially those with too many layers are more feasible to show

harmonic signals of third order as those shown in Fig. 73 and tabulated in Table 20.
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Fig. 73. Third order signals obtained in the output (blue lines) for different input combinations
(insets red and green).

Third order signals are obtained for different combinations of frequency inputs
(Table 20), the largest possible signals that the instrument allow us to introduce to the

sample is 5 MHz due to the generator and coaxial cable capabilities.
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Table 20. Five different combinations of the input signals F1 and F2 and the third order signals
obtained in the output.

F1 F2 2F1+F2  2F1-F2  2F2+F1  2F2-FI
100 kHz 500 kHz 700 300 1100 900
500kHz 650 kHz 1650 350 1800 800

8 kHz 35 kHz 51 19 78 62
1 MHz 1.2 MHz 3.2 0.8 34 1.4
1 MHz 5 MHz 7 3 11 9

94 Conclusions

In summary, the nonlinear behavior of the conductivity transversally calculated
for few graphene layers comes from molecular movements due to vibrations, which
creates a nonlinear electrical component that allows the detection of signals with
different frequency. Thus, samples of few layers graphene can be used as sensors where
the signals given by the vibrational modes and adsorption forces of the agent molecules
can be modulated and demodulated, by the graphene sensor. The input signals from the
agent are terahertz fingerprints generated by the adsorption of the agent molecule on the
surface of graphene which are mixed with the intrinsic vibrations of the detector (few
layers graphene), modulated and demodulated by the graphene mixer and amplified by

changes in the electronic characteristics of the device.
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CHAPTER X
CONCLUSIONS AND SUMMARY

We have designed, developed and proposed nanodevices operating at the
molecular level by a theoretical-experimental approach. Novel scenarios such as
molecular electrostatic potentials and vibronics are complemented with the traditional
current-voltage to perform operations, communicate and process information at the
molecular level.

A nano-micro interface to read information encoded in molecular level potentials
and to amplify this signal to microelectronics levels has been shown. The amplification
is performed by making the output molecular potential slightly twist the torsional angle
between two rings of a pyridazine, 3,6-bis(phenylethynyl) (aza-OPE) molecule,
requiring only fractions of kcal/mol energies. In addition, even if the signal from the
molecular potentials is not enough to turn the ring or even if the angles are the same for
different combinations of outputs, still the current output yields results that resemble the
device as a field effect transistor, providing the possibility to reduce channel lengths to
the range of just 1 or 2 nanometers. The slight change in the torsional angle yields
readable changes in the current through the aza-OPE biased by an external applied
voltage.

The monoatomic thickness of the graphene and plasmonic surface material
provides the best sensitivity available for a molecular sensor, and the absorption of
single molecules can be detected measuring changes in conductivity. Due to the fully
delocalized frontier molecular orbitals of the graphene ribbons commonly denominated
plasmons in larger solid state structures, the ribbons are extremely sensitive to any
moiety approach. Plasmons on the graphene surface enhance transduction of molecular
characteristics into signals readable by standard electronics. Therefore, the two
dimensional structure of graphene has been suggested as an ideal material for sensing

science and amplification of signals at the molecular level.
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Changes in both MEPs and vibrations of an arbitrary molecule can be transduced
and amplified into current—voltage characteristics using graphene. Under the presence
of an agent molecule, the delocalized molecular orbitals of graphene are disturbed by
molecular potentials and vibrations affecting electron transport and vibrational spectrum
of graphene.

Using molecular engineering, nanodevices with promising capabilities and
applications on conventional engineering, nanotechnology and defense security as
sensors of chemical and biological agents, among others have been shown.

Some of the novel achievements of this research are graphene terahertz
generators for molecular circuits and sensors, nano-micro interfaces to read molecular
potentials into current-voltage based electronics using single layer graphene ribbons,
vibronics and plasmonic graphene sensors, and single molecule detection using

adsorption of molecules between graphene layers.
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