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ABSTRACT 

 

Porphyrins and metalloporphyrins have unique chemical and electronic properties and thus 

provide useful model structures for nanoscale studies of the role of chemical structure for 

electronic properties. Porphyrins have been proposed as viable materials for molecular-based 

information-storage devices, gas sensors, photovoltaic cells, organic light-emitting diodes and 

molecular wires. The function and efficiency of porphyrins in devices is largely attributable to 

molecular architecture and how the molecules are self-organized. Modifications of the porphyrin 

macrocycle, peripheral groups or bound metal ions can generate a range of electrical, 

photoelectrical or magnetic properties. The conductive properties are greatly influenced at the 

molecular level by the organization of porphyrins into supramolecular arrays, aggregates, and 

nanocrystals on surfaces.  

Conductive-probe atomic force microscopy (CP-AFM) has been used extensively for 

studies of alkanes, phenylalkanes and arenethiols; however, the conductive properties of 

porphyrins have not been studied as rigorously. Characterizations with CP-AFM are becoming 

prevalent for molecular electronics studies because of the dual capabilities for obtaining physical 

measurements and structural information with unprecedented sensitivity. For CP-AFM, the tip is 

placed directly on the sample surface, at a designated force. To acquire current-voltage (I-V) 

spectra, a conductive tip is grounded, and a bias is applied to the substrate.  

For this dissertation, cobaltcarborane porphyrins were synthesized using a ring-opening 

zwitterionic reaction to produce isomers with different numbers of carborane clusters per 

macrocycle. Particle lithography was used to prepare regular arrangements of well-defined 

nanopatterns of porphyrin nanocrystals on conductive substrates. Nanopatterned SAMs of 

alkanethiols and organosilanes were used successfully to direct the nanocrystals of porphyrins on 



x 

 

the surface and characterized with contact and tapping mode imaging of AFM. Our goals were to 

elucidate the role of molecular structure, packing and orientation for the conductive properties of 

porphyrins. Understanding how the self-organization and surface assembly influence electrical 

properties and reliable measurements of conductive properties when these molecules are 

coordinated to different metals and surfaces will provide information for developing predictive 

models.  
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CHAPTER 1: INTRODUCTION 

 

The research goals of this dissertation were to study surface reactions and material 

properties at the nanoscale, approaching the level of molecular measurements using scanning 

probe microscopy (SPM). Experiments were designed for studying organic thin films and 

nanocrystals of cobaltacarborane porphyrins as potential molecular electronic materials. 

Nanolithography methods were developed using approaches with particle lithography, as a 

strategy for preparing well-defined surface test platforms of regularly arranged nanostructures. 

Molecular self-assembly was achieved with basic steps of solution chemistry, heating, drying and 

centrifugation to prepare periodic arrangements of exquisitely small, regular nanostructures of 

well-defined chemical composition. The test structures of porphyrins and self-assembled 

monolayers furnish an ideal test platform for successive measurements with measurement modes 

of SPM.   

Particle lithography is a generic approach for preparing nanopatterns on surfaces using 

monodisperse mesospheres of latex or colloidal silica. A film of mesospheres is used to provide 

either an evaporative mask or a structural template to prepare nanopatterns of selected materials. 

Different size particles can be used to control spacing, density, surface coverage, and sizes of the 

nanopatterns. Using particle lithography, planar arrays of porphyrin nanostructures were prepared 

within an insulating matrix layer of n-alkanethiol surrounding the nanopatterns. Conductive-probe 

atomic force microscopy (CP-AFM) has been used extensively for studies of alkanes, 

phenylalkanes and arenethiols; however, the conductive properties of porphyrins have not been as 

rigorously studied. Characterizations with CP-AFM are becoming prevalent for molecular 

electronics studies because of the dual capabilities for obtaining physical measurements and 



2 

 

structural information with unprecedented sensitivity. The investigations in this dissertation 

examine different properties of cobaltacarborane porphyrins.  

1.1 Liquid Imaging using Atomic Force Microscopy 

Atomic force microscopy (AFM) is a versatile analytical technique that can be used to 

accomplish an array of surface science measurements at the nanoscale. Applications for AFM 

measurements include fields such as chemistry, electronics, material science, medicine and cellular 

studies. Optical microscopes are limited by the wavelength of light and cannot reach the atomic 

resolution that can be routinely achieved with AFM. Electron microscopies often require complex 

steps for sample preparation and use vacuum environments. Accomplishing AFM studies in liquid 

offers advantages for the analysis of different samples in situ in ambient environments. Atomic 

resolution images of lattice structures, chemical reaction information, and studies of protein-

protein interactions can all be obtained using AFM in liquid. Chapter 2 of this dissertation 

highlights the advantages of liquid AFM for a wide range of studies and applications.   

1.2 Conductive Probe Atomic Force Microscopy 

Chapter 3 provides experimental details of specific modes of AFM used for this 

dissertation. Conductive-probe atomic force microscopy (CP-AFM) has been used extensively for 

studies of electronic materials. Two types of information are provided with CP-AFM: current maps 

of the conductivity of samples can be acquired at a fixed sample bias; and I-V spectra can be 

obtained by sweeping a specified voltage range. For CP-AFM, the tip is placed directly on the 

sample surface, at a designated force. To acquire current-voltage (I-V) spectra, a conductive tip is 

grounded, and a bias is applied to the substrate. Current flow is measured between a biased metal-

coated cantilever and a conductive substrate. Characterizations with CP-AFM provide capabilities 

for obtaining physical measurements and structural information with unprecedented sensitivity. 
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1.3 Charge Transfer Studies of Cobaltacarborane Porphyrins using CP-AFM 

 The molecular-level organization of porphyrin films on surfaces is known to greatly 

influence the conductive, photoemissive and photovoltaic properties of devices.  A wide range of 

surface structures can be generated for porphyrins when samples are prepared ex situ, depending 

on slight changes in protocols for sample preparation.  Understanding the structural organization 

and stability of porphyrins and metalloporphyrins on surfaces is essential for development of new 

technologies for optical, photovoltaic and magnetic device applications. Various systems of 

porphyrins have been demonstrated to form supramolecular assemblies, arrays, aggregates or 

crystals. Using conductive probe atomic force microscopy, (CP-AFM) we have investigated 

changes in charge transport for porphyrins with four to sixteen carborane clusters per macrocycle.  

Conductive probe-AFM is accomplished by applying a certain bias voltage to the sample 

and measuring the current with a metallized probe. Topography and current images are 

simultaneously acquired by scanning in contact mode with a fixed bias. The topography frames 

provide height information about the surface morphology while the current images furnish 

sensitive maps of the conductive domains of the samples. Local current versus voltage (I-V) 

spectra can be acquired with CP-AFM for porphyrin thin films on conductive or semiconductive 

substrates. Changes of surface morphologies and conductive properties for cobaltacarborane 

porphyrins with different molecular designs are reported in Chapter 4. 

1.4 Porphyrin Crystals Patterned with Particle Lithography 

Porphyrins and metalloporphyrins have unique chemical and electronic properties and thus 

provide useful model structures for studies of the role of chemical structure for nanoscale 

electronic properties. The electronic and photophysical properties of porphyrins depend on the 

organization and spatial orientation of the molecules within surface films at the nanoscale, as well 

as the nature of the appended substituents and overall architecture of molecular structures. 
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Combining nanolithography with conductive probe measurements has advantages for rapidly 

constructing and testing the conductive properties of molecular systems, such as porphyrins. 

Particle lithography with monodisperse mesospheres of latex or silica provides a generic approach 

for preparing nanopatterns on surfaces. The spheres are removed from substrates by steps of 

rinsing and sonication. The spacing, density, surface coverage, and sizes of the porphyrin 

nanostructures can be controlled by selecting the diameter of the mesoparticles. A strategy was 

developed for preparing test structures for CP-AFM which incorporates a silane matrix as a 

reference, for standardizing measurements between different experiments. In Chapter 5, 

nanolithography was used to create well-defined test platforms of cobaltacarborane porphyrins for 

surface measurements.  

1.5 Future Prospectus 

Chapter 6 provides a conclusion and future prospectus for the research presented in this 

dissertation.  
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CHAPTER 2:  SURFACE CHARACTERIZATION USING ATOMIC FORCE 

MICROSCOPY (AFM) IN LIQUID ENVIRONMENTS 

 

2.1 Introduction 

An intrinsic advantage of atomic force microscopy (AFM) is the flexibility to conduct 

experiments in different media such as in ambient air, vacuum, or in liquid environments. The 

capability to introduce liquids to the sample cell and acquire images in fluids broadly expands the 

repertoire of experimental designs, particularly for studying nanoscale changes to surfaces by 

capturing AFM images as reactions proceed. For example, liquid AFM has been applied for in situ 

studies of the effects of different liquid media, such as with changes in pH or concentration of 

ions.1-4 Liquid media has been used for AFM studies with biological systems in aqueous buffers 

that simulate physiological conditions,3,5 for in situ studies of electrochemical reactions,6,7,8 and 

for time-lapse imaging of progressive surface changes caused by chemical reactions.9-11 In liquid 

media, new molecules can be introduced to the sample cell to enable AFM-based 

nanofabrication.12 Accomplishing AFM experiments in liquid media also provides advantages for 

improving resolution, since imaging in liquid reduces or eliminates capillary and van der Waals 

forces between the tip and sample.13 Liquid imaging reduces sample perturbation and minimizes 

or prevents damage caused by shear forces between the tip and surface. This chapter will describe 

state-of-the-art advances with AFM for designing creative experimental approaches for nanoscale 

studies in liquid media.  

2.2 Theory - Background  

2.2.1 History of Atomic Force Microscopy (AFM) 

The development of scanning probe instruments during the 1980’s has launched entirely 

new experimental approaches for nanoscale studies and has made pivotal contributions to the 

interdisciplinary field of nanoscience. Before 1980, there were no instruments with capabilities for 

*Reproduced with kind permission from Springer Science and Business Media 
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visualizing surfaces at the level of individual molecules or atoms. The operating principle for AFM 

is based on scanning a small probe across the surface and requires positional control at the 

nanoscale. The precedent for scanning probe methods was developed by Heinrich Rohrer and Gerd 

Binnig, who were awarded the 1986 Nobel prize in physics for invention of the scanning tunneling 

microscope (STM).14 The first STM was developed at IBM Zurich Research Laboratories in 

Switzerland and resolved the 7×7 lattice arrangement of silicon atoms for Si(111). Imaging with 

STM is based primarily on electrical interactions between a conductive tip and the sample, whereas 

AFM imaging is reconstructed from the mechanical deflection of the probe due to physical forces. 

Positional control for AFM, STM and other scanning probe methods rely on the piezoelectric 

effect, which enables precise movement of the probe with angstrom-level control.  

The first AFM instrument was introduced in 1986 by Binnig, Quate and Gerber of Stanford 

University in California, to measure any type of force on an atomic scale.15 They introduced the 

first general-purpose AFM instrument for measuring ultra-small forces as low as 10-18 N. The 

resolution that can be obtained with AFM today is comparable or better than that achieved with 

STM.16 Unlike STM, imaging with AFM is not restricted to conductive or semiconductor surfaces. 

The significance of scanning probe instruments is evidenced by diverse applications throughout 

the science disciplines; nanoscale imaging and measurements with scanning probe instruments 

provide entirely new approaches for the study of matter at small size scales. 

2.2.2 Early Benchmarks for Studies using Liquid AFM 

The first AFM experiments were accomplished in air, to probe the surface of a ceramic 

sample of aluminum oxide (Al2O3), achieving lateral resolution of 30 Å and vertical resolution of 

less than 1 Å.15 The first AFM experiments in liquid were reported in 1987 by Marti, Drake and 

Hansma, for surfaces of sodium chloride and highly oriented pyrolytic graphite (HOPG) that were 

covered in paraffin oil.16 These experiments resolved the hexagonal packing arrangement of 
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carbon atoms, achieving lateral resolution of 0.15 nm and vertical resolution of 5 pm.16 The 

applicability of AFM in liquid environments for imaging biological molecules was first 

demonstrated by Drake et al. in 1989.17 Studies of chemical and biological processes in liquids 

have continued to progress, setting benchmarks for nanoscale resolution with investigations of 

corrosion, electrochemical reactions, self-assembled monolayers (SAMs), as well as 

deoxyribonucleic acid (DNA), proteins, and cells.18-19  

2.3 Experimental Setup and Method 

2.3.1 Basic Operating Principle of AFM  

Unlike traditional optical microscopes, scanning probe instruments use a sharp probe that 

is scanned over the sample to acquire spatial maps of surface characteristics. The interactions 

between the tip and the sample are mapped to construct images at scales from microns to 

nanometers. The cantilever is typically made of silicon or silicon nitride with a tip radius of 

nanometers. The resolution of scanning probe measurements is not limited by the wavelength of 

light, and can achieve unprecedented nanoscale resolution. For AFM imaging, light from a diode 

laser is focused on the back of a cantilever and deflected toward a photodiode detector (Figure 

2.1). The photodiode detects the cantilever deflection by tracking the position of the reflected 

beam. An electronic feedback loop controls voltages to the piezoceramic scanner to maintain a 

constant force between the tip and sample. There are several designs that have been used for 

positional feedback with AFM. The optical deflection set-up shown in Figure 2.1 is the most 

common configuration. Other approaches that have been used for monitoring tip position include 

optical interferometry,20 capacitive sensing,21 tuning forks,22-23 and piezoresistive cantilevers.24 

 

 

 

 

 

http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon_nitride
http://en.wikipedia.org/wiki/Capacitive_sensing
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Figure 2.1 Laser-deflection configuration used for AFM imaging 

 

The lattice arrangement of atoms can be visualized with AFM, providing views of 

molecular and atomic vacancies and adatoms.25 The atomic lattices of substrates such as Au(111), 

highly oriented pyrolytic graphite (HOPG) and mica(0001) are commonly used for lateral 

calibration of X-Y dimensions. The heights of gold steps are used for calibration of Z dimensions. 

Images generated by AFM are true three-dimensional surface profiles. Samples do not require 

special treatments or coatings which alter their composition. Both conducting and insulating 

materials have been imaged with AFM. A vacuum environment is not required for AFM studies, 

and samples may be imaged in air or in liquid media. 

Two basic instrument designs are possible for AFM imaging. The cantilever can be 

attached to the piezoscanner for scanning the tip across the sample surface; or the sample can be 

scanned across the probe, while the tip is held in a fixed position. There are also instrument designs 

which combine approaches for both tip and sample translation. The sample cell can be filled with 

various solvents to accomplish liquid imaging or for electrochemical AFM studies. As the tip is 

translated across the sample, forces between the tip and the sample cause changes in the deflection 
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of the AFM cantilever. Depending on the instrument configuration, the types of forces that can be 

measured include adhesive or repulsive forces attributable to van der Waals interactions, chemical 

bonding, mechanical friction, electrostatic charge, or magnetic interactions. The tip can be 

operated in continuous direct contact with the surface (contact mode) or at a certain fixed distance 

from the surface (non-contact mode). For intermittent or “tapping” mode AFM (TM-AFM), the 

tip is driven to oscillate in and out of contact with the surface. The feedback signal for controlling 

the probe position with TM-AFM is obtained by maintaining a constant amplitude setting for tip 

deflection, rather than using a force set point. Tapping-mode experiments can be operated in liquid 

media, which is particularly useful for imaging fragile systems of biomolecules in buffered media.  

2.3.2. Approaches for Liquid Imaging 

Initial AFM liquid experiments were accomplished by simply placing a drop of liquid on 

the AFM tip, and focusing the laser through the liquid interface. Of course, the solvents chosen for 

liquid experiments should be optically transparent, and must have a relatively slow rate of 

evaporation, e.g. water, ethanol, butanol or hexadecane. The solvent must be compatible and 

nondestructive for the sample material; for example, it should not cause dissolution or corrosion 

of the surface. Sample cells for liquid imaging have been designed with either open or closed 

containment of liquids. If the liquid cell has a cover, the laser is focused through both the cover 

and liquid to reflect on the surface of the probe. Closed cells have been constructed using machined 

transparent materials such as glass,9, 17 quartz or plastic.26-27 An example design for an open liquid 

cell is shown in Figure 2.2, incorporating a metal spacer sealed with an O-ring gasket to encompass 

a small volume of liquid. A disadvantage of the open cell design is that liquids can evaporate over 

time, and must be replenished at frequent intervals. Depending on the design, the volume of liquid 

contained in the cell ranges from 50 µL to several milliliters.  

http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Van_der_Waals_force
http://en.wikipedia.org/wiki/Chemical_bond
http://en.wikipedia.org/wiki/Coulomb%27s_law
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Figure 2.2 Design of a metal sample cell assembly for AFM imaging in liquid media. (Printed 

with permission from Agilent Technologies, Inc.) 
 

2.4 Application of AFM in Liquids  

When an AFM probe and sample are submerged in liquid media, predictable changes occur 

for experimental parameters due to alterations of tip-sample interactions. For example, image 

resolution can be improved because capillary and van der Waals forces between the tip and sample 

are reduced or even eliminated.13 Depending on the viscosity, dielectric constant, conductivity, 

polarity or pH parameters of the liquid media, experimental conditions can be tuned to control tip-

surface interactions. Liquid imaging conditions can reduce sample perturbation and will minimize 

or prevent damage caused by shear forces between the tip and surface. Also, liquid media can 

dampen vibrations, leading to reduced acoustic noise from the background. A direct comparison 

of the changes in vibration were shown by Kiridena et al. and Jourdan et al. who obtained 

frequency spectra for a free cantilever in air versus liquid media (sec-butanol).28-29 When a tip was 

immersed in solvent, frequency spectra reveal that the natural resonance frequency of the 

cantilever was shifted downfield, and the damping effects of the liquid served to overall reduce 

the vibration of the tip. 
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2.4.1 High Resolution AFM Imaging in Liquids  

When imaging in liquids, AFM resolution can be improved to disclose subtle details of 

surface morphology at the molecular-level. A direct comparison of frames acquired in ambient air 

to views that were captured in liquid media using the same probe are shown in Figure 2.3, for the 

surface of a mixed monolayer of decanethiol and tetradecanethiol (prepared overnight in1 mM 

ethanolic solution, 3:1 molar ratio). For this example, the probe was first used to acquire high 

resolution views in ambient air, and then liquid media (sec-butanol) was injected into the sample 

cell. The sample is not a pure SAM, rather it is a mixture of n-alkanethiols with different chain 

lengths, differing by ~ 0.4 nm in height.  In either air or liquid, the heights of single steps of the 

Au(111) substrate can be readily differentiated. However, the segregation of the different 

SAM domains is not resolved for the images acquired in air (Figures 2.3A-2.3C). The images were 

acquired using contact-mode AFM, and the shapes of the underlying gold terraces and step edges 

are clearly viewed for all of the topography frames of Figure 2.3. The views of broad areas in 

Figures 2.3A and 2.3D are quite comparable in resolution; however, as the magnification is 

increased the images obtained in liquid reveal differences in the nanoscale topology of the surface 

of the SAM. The images in ambient air (Figures 2.3B and 2.3C) do not reveal the different domains 

of the decanethiol and tetradecanethiol SAMs. When the images were acquired in sec-butanol 

(Figures 2.3D-2.3F) subtle changes in height are resolved throughout the flat terrace areas, as well 

as the details of the lacey contours of the gold step edges. Looking closely at Figure 2.3F with a 

small scan size of 250 nm × 250 nm, the mottled composition of the binary mixture of SAMs is 

visible. When imaging in air there are attractive capillary forces operating between the tip and 

surface leading to overall higher forces used for imaging. Liquid media enables the use of smaller 

forces as well as reducing the stick-slip adhesion forces, to provide higher resolution imaging. 
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Figure 2.3 Successive zoom-in views of the surface of a two-component monolayer for 

comparison of AFM resolution in air versus in liquid. Topography frames of a mixed SAM of 

decanethiol and tetradecanethiol imaged with contact mode in air (A) 1×1 µm2; (B) 500 × 500 

nm2; (C) 250 × 250 nm2. Topography frames acquired for the same sample and probe in 2-

butanol (D) 1×1 µm2; (E) 500 × 500 nm2; (F) 250 × 250 nm2. 

 

Dynamic changes can cause AFM imaging in liquid media to be difficult, since surface 

features can change dimensions at the molecular-level when exposed to liquids. This is 

dramatically illustrated in Figure 2.4, for multilayered ring nanostructures of 

octadecyltrichlorosilane (OTS). The ring nanostructures were prepared ex situ using latex particle 

lithography and vapor deposition.30 Similar to the protocol for Figure 2.3, the nanostructures were 

first imaged in ambient air (Figures 2.4A-2.4B), then liquid media (ethanol) was introduced 

without changing probes. An increase in the dimensions of the nanostructures is apparent in the 

AFM views of Figures 2.4C-2.4D, caused by changes in the physical size of the OTS rings. Rather 

dramatic changes in the lateral dimensions of the nanostructures are revealed for AFM topography 

frames acquired in liquid media. The width of OTS nanopatterns in dried condition measured 245 
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± 16 nm. However, after exposure to ethanol, the sizes of the rings were observed to swell by tens 

of nm, to measure 293 ± 33 nm. The height of the nanostructures appears to have only increased 

slightly. The methyl-terminated OTS nanostructures consist of an alkane backbone of hydrocarbon 

chains with bridging links of Si-O-Si bonds, as well as non-bridged free silanol Si-OH groups 

which change size upon wetting. The sides of the designed ring nanostructures present a 3D 

interface for studying the interaction of solvents with molecular side groups.  

Figure 2.4 Immersion in ethanol changed the surface morphology of OTS ring nanostructures. 

(A) Topography and (B) lateral force images acquired in air using for contact mode AFM in 

ambient air. (C) Cursor profile for the line in A. (D) Topography and (E) lateral force images 

acquired in ethanol using the same probe. (F) Cursor profile for the line in D. 

 

Atomic and molecular lattices have been resolved using contact mode AFM in liquid 

media. High resolution images acquired using contact mode AFM in liquid media for a cleaved 

dolomite (104) surface were demonstrated by Pina et al.31  The images of dolomite obtained in 

water disclose lattice structures with surface unit cell dimensions in close agreement with that of 

the bulk structure. Views of HOPG surfaces covered with liquid parafilm oil were resolved at the 
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atomic scale with contact mode AFM by Marti et al.16 Molecularly resolved views of n-alkanethiol 

SAMs can be achieved routinely with liquid AFM in solvent media.25, 32-33 

Other AFM imaging modes can be accomplished in liquid media to combine the benefits of liquid 

imaging with dynamic protocols such as tapping mode,34-36 force modulation28-29, 37 or frequency 

modulation38 configurations. Dynamic modes of AFM furnish additional information acquired 

concurrently with topography frames for mapping chemical groups or mechanical properties 

measurements, such as elastic response or viscoadhesion.  

Atomic resolution of surfaces has been demonstrated with developments with frequency 

modulation AFM (FM-AFM) in liquid. A reduction of the cantilever oscillation amplitude to the 

range of 0.2-0.3 nm enhanced the sensitivity of the frequency signal to provide atomically resolved 

images of poly(p-toluenesulfonate) crystals in water.38 Atomic features of a cleaved  muscovite 

mica(0001) surface exhibiting large-scale corrugations and adsorbates were acquired using FM-

AFM in water.39 The cleavage plane of calcite was characterized in aqueous media using FM-

AFM with atomic resolution, to resolve protruding oxygens of the carbonate groups attributed to 

zigzag patterns along the [421] direction of the calcite(104) surface.40 High resolution capabilities 

of FM-AFM have been used to study biological surfaces in buffers, such as 

phospholipid/cholesterol mixed bilayers41 and amyloid fibrils.42  

2.4.2 Measurement of Surface Forces in Liquid Media 

For AFM operation with contact mode in air, there are often substantial forces present 

attributable to tip-surface adhesion, due to capillary forces, friction, and stick-slip adhesion, in the 

range of 100 nN.43 By immersing both the tip and sample in liquid, the meniscus forces are greatly 
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reduced.44 Changes of the forces acting on the tip in liquid and in air are demonstrated in Figure 

2.5 with representative force-distance curves. Using the same probe, an uncoated silicon nitride 

tip was brought into contact with the methyl-terminated surface of a dodecanethiol SAM in air 

(Figure 2.5A) and then immersed in ethanol (Figure 2.5B). Force curves are a plot of cantilever 

deflection as a function of sample position along the z-axis. Forces are not measured directly, but 

rather are calculated using the stiffness of the cantilever according Hooke’s law relationship to 

derive values from the measured deflection of the lever. The approach-retreat cycle of typical 

force-distance curves obtained in air (Figure 2.5A) and in liquid (Figure 2.5B) show changes for 

the pull-off or retraction portion of the measurement. The capillary forces of attraction are 

substantially decreased when the tip is operated in liquid media (Figure 2.5B). 

Force measurements with AFM have emerged as a standard tool for nanoscale physical 

characterizations for many disciplines.45 Molecular-level measurements of adhesion forces for 

biomaterials have become a significant research focus for biological AFM studies.46 Forces can be 

 
Figure 2.5 Force versus distance curves for contact mode AFM acquired in (A) air and (B) 

liquid. 
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measured with piconewton sensitivity for either specific or nonspecific protein-protein and 

receptor-ligand interactions, for measuring interactions between cells, and for measuring 

viscoelastic properties of biomaterials. For these measurements, a force versus distance curve is 

generated using an AFM probe that is coated with proteins such as antibodies, enzymes or desired 

functional groups. Imaging in liquid media can be less destructive for soft and sticky biological 

samples, and provides a means to study effects of pH and electrolyte concentration. The coated 

probe is brought into contact with the sample and then withdrawn from the surface to generate a 

plot of the interaction forces as a function of tip displacement. For a typical approach-retreat 

measurement cycle, the bending of the cantilever is monitored as the probe is brought in and out 

of contact with the surface. The coated probe will adhere to the sample as it is withdrawn from the 

surface, often with multiple pull-off points for aggregate samples. The magnitude of this adhesive 

force can be calculated to provide estimates of molecular bond rupture forces. Changing the pH or 

ionic strength of the imaging buffer is useful for studying changes for tip-protein interactions as a 

function of surface charge.   

2.4.3 In situ Studies of Chemical Reactions with Liquid AFM  

Creative experimental designs with in situ AFM have employed liquid media to view 

molecular changes that take place on surfaces over time during the course of chemical reactions. 

For example, beginning with clean substrates, the adsorption and self-organization of molecules 

can be viewed with time-lapse AFM images,9, 47-50 and antigen-antibody binding processes have 

been monitored with liquid AFM studies.51-52 Surface or material changes that occur with 

modification of pH or ionic strength can be studied with liquid AFM, in combination with 

electrochemistry measurements.4, 53 

An example time-lapse experiment showing step-by-step views of the unconstrained 

assembly of n-alkanethiol molecules onto Au(111) is shown in Figure 2.6, for octadecanethiol 
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(ODT).9,25 Molecular-level studies were accomplished in situ by immersing freshly prepared gold 

substrates in a dilute solution of ODT (0.2 mM) in 2-butanol within a liquid cell. Detailed structural 

information of the kinetics and surface changes during adsorption is revealed as time elapsed 

(Figures 2.6A-2.6I). An adventitious adsorbate (the bright spot) and several Au(111) single atomic 

steps in the lower left region of the images furnish convenient landmarks as a frame of reference 

for in situ imaging (Figure 2.6A). In 2-butanol, molecules of ODT initially adsorb on gold with 

the molecular axis of their hydrocarbon chains oriented parallel to the surface in a side-on 

 
Figure 2.6. Surface chemical reaction viewed in situ with time-lapse AFM imaging in liquid. 

Topography images of the self-assembly of ODT onto freshly prepared Au(111) acquired in 

2-butanol. (A-I) Topography images acquired at different time points and (B’, C’,D’) 

corresponding height measurements of adsorbates. A small bright spot and several gold steps 

in the lower left region of the image furnish convenient landmarks for in situ imaging. 

(Reprinted with permission from ref. 9) 
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configuration (Figures 2.6B and 2.6C). Over time, the surface coverage increases to near saturation 

and a phase transition takes place to reveal taller islands composed of upright molecules with the 

axis of the hydrocarbon backbone oriented ~30° from the surface normal (Figures 2.6D and 2.6D’). 

Continued exposure over time produces a greater density of these islands and the growth of these 

nuclei until a SAM is formed with a √3×√3R30° commensurate structure. In situ AFM studies 

were conducted for different chain lengths, (C10, C22, and C40) to disclose the kinetics and 

mechanisms of phase transitions for n-alkanethiol self-assembly.9 Measurements revealed that the 

self-assembly of longer chain length alkanethiols occurred more rapidly and produced a more 

complete film in comparison to shorter alkyl chains.9 Studies were also conducted using liquid 

AFM for the coadsorption of mixtures of n-alkanethiols at different molecular ratios and chain 

lengths, to reveal differences in domain sizes and surface composition.54  

2.4.4 Electrochemistry Studies with AFM in Liquids 

A method known as scanning electrochemical microscopy (SECM) was developed to 

combine the AFM capabilities of mapping surfaces for electrochemical studies in a liquid cell.55 

Measurements of electron, ion and molecular transfer can be probed with SECM for applications 

ranging from corrosion to ion transport across cell membranes.56-57 Representative examples are 

summarized in Table 2.1. Typically, a system of three electrodes is used for electrochemical AFM 

studies, with the substrate serving as the working electrode.6, 11, 58 A microfabricated probe with 

diameter of 10 µm or less is used as an ultramicroelectrode (UME) for SECM experiments in an 

electrochemical cell, while operated in non-contact mode, commonly using the shear force mode 

of positional feedback.7 The resolution of SECM is on the order of 100 nm, depending on the size 

of area probed beneath the UME.  
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Table 2.1 Representative studies with SECM in liquid media.  
System/processes studied Substrate(s) Ref. 

copper electrodeposition by UPD Pt(100) and Pt(111) 6 

polycarbonate membrane, living diatoms glass slide, constant current mode 7 

copper electrodeposition by UPD Au(111) in different electrolyte 

solutions 

8 

track-etched polycarbonate ultrafiltration membranes glass disk 57 

bacterial outer membrane protein F HOPG, MoS2, Au, Pt 59 

electron-transfer reactions for glucose oxidase nylon 66 membranes, hydrogel 

membranes, glass slides 

60 

anodization of porous alumina aluminum in a fluid cell 61 

galvanic electrodeposition of Pd and Pt particles flame-annealed gold substrates 62 

corrosion of aluminum in chloride solution aluminum alloys 63 

kidney cells in culture medium petri dish 64 

films of DNA in redox solutions Si(111) wafers 65 

electrodeposited patterns of conductive polymer polyaniline gold, platinum, carbon surfaces 66 

redox-active dendrimers mapped by SECM functionalized glass substrates 67 

Lead underpotential deposition studied in situ Au(111) 68 

anodic dissolution of a gold microelectrode indium-tin-oxide 69 

surface patterning using click chemistry by SECM azido-functionalized glass substrates 70 

 

Processes of the underpotential deposition (UPD) of metals have been studied with 

electrochemical AFM.6, 8 For these experiments, the structure of the electrodeposited layer of metal 

cations is mapped while the substrate is maintained at a potential that is under the equilibrium 

potential of the metal. Scanning probe-based patterning experiments can be accomplished with 

SECM; microstructures have been fabricated using the local interactions of SECM with UPD or 

electropolymerization reactions. Voltages are applied between the tip and substrate to enable 

patterning in liquid media containing reagents for designed local reactions. Atomic resolution was 

achieved with electrochemical AFM for the investigation of the UPD of copper on Au(111) in a 

sulfate solution by Manne et al.8 The atomically resolved structures revealed differences in lattice 

packing for different electrolyte solutions. Further experiments with electrochemical AFM have 

been recently reviewed, and applications include studies of electron transfer kinetics, 

electrocatalysis as well as mass/charge transfer reactions.56  
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2.4.5 Nanofabrication with AFM in Liquid Media  

Nanoshaving and nanografting are scanning probe-based lithography approaches which are 

used to rapidly and reproducibly write nanopatterns of thiol SAMs and other nanomaterials in 

liquid media. Commercial scanning probe instruments typically provide software to control the 

speed, direction, length and applied force of the scanning motion of a tip. To accomplish 

nanoshaving, the tip is used to scratch or scrape away adsorbates under high force for designated 

areas. For nanoshaving in liquid, the surrounding solvent media can facilitate dissolution of the 

displaced material. When the liquid cell contains dilute solutions of new molecules, nanografted 

patterns can be inscribed. Nanografting was first introduced in 1997 by Xu et al. and is 

accomplished in liquid media by applying mechanical force to an AFM probe to produce 

nanopatterns within a matrix monolayer.12 Under low force (less than 1 nN), high resolution AFM 

characterizations of surfaces can be acquired in situ without modification of the surface. The tip 

becomes a tool for nanofabrication only when the force applied to the probe is increased to a certain 

displacement threshold. Nanografting is accomplished by force-induced displacement of 

molecules of a matrix SAM, followed immediately by the surface self-assembly of molecules such 

as n-alkanethiols from the liquid media. The molecules to be patterned are dissolved within the 

surrounding liquid, whereas the substrates are precoated with a protective layer to prevent 

nonspecific adsorption of molecules throughout areas of the surface. Various surface chemistries 

can be designed by choosing SAMs of different lengths and terminal groups.  

An example nanografted pattern prepared in ethanol media is shown in Figure 2.7, in which 

the grafted molecules of 1,8-octanedithiol are taller than the surrounding matrix monolayer of 

hexanethiol.71 Under self-assembly conditions of nanografting with nanoscale geometric 

confinement, nanopatterns of α,ω-alkanedithiols written by nanografting form upright monolayers 
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 directly with heights corresponding to a standing-up conformation to generate a surface presenting 

free -SH groups. 

Figure 2.7  Square nanopattern of 1,8-octanedithiol nanografted within hexanethiol SAM in 

ethanol. (A) Contact-mode topography view of the pattern acquired in ethanol; (B) selected 

cursor profile for the line drawn in A; (C) model of molecular heights. (Reprinted with 

permission from ref.72 ) 

 

A different surface assembly mechanism takes place during nanografting due to spatial 

confinement to produce patterns directly with an upright conformation.25 As the molecules of the 

matrix film are displaced underneath the tip, a transient microenvironment is generated exposing 

Au(111) for the simultaneous assembly of thiolated molecules. The assembly of nanografted 

organothiols bypasses the mobile “lying-down” phase due to spatial confinement between the 

surrounding matrix and the AFM probe; molecules from liquid media assemble immediately onto 

areas of the exposed substrate into a standing configuration because there is insufficient space on 

the surface for the molecules to assemble in a lying-down orientation.25 Kinetic studies have 
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demonstrated that the spatially constrained self-assembly process occurs 10-fold faster than the 

unconstrained adsorption of organothiol SAMs.25 A key requirement of nanografting is that n-

alkanethiols chemisorb spontaneously to metal surfaces. The speed of the AFM tip influences the 

composition of the monolayers formed along the writing track. A kinetic Monte Carlo model of 

solution and nanografted deposition of n-alkanethiols on gold surfaces was reported by Ryu and 

Schatz, which reproduces experimental observations for the variation of the heterogeneity of 

written SAMs with the writing speed of an AFM tip.73   

Designed patterns of hexanethiol molecules nanografted within a matrix of 

dodecanethiol/Au(111) are displayed in Figure 2.8, for an AFM liquid cell experiment conducted 

in ethanol.74 Nine patterns of mouse ear designs that were shorter in height than the matrix SAM 

were prepared by inscribing concentric circles ranging from 40 to 210 nm in diameter (Figure 

2.8A). A higher magnification view of a single pattern is shown in the topography frame (Figure 

8B) and corresponding frictional force image (Figure 2.8C). Imaging in liquid media enables 

resolution of fine details such as etch pits, scars and step edges, even after the tip was used to 

inscribe multiple patterns. The depth of the patterns measured 0.7 ± 0.2 nm shown by a 

representative cursor plot (Figure 2.8D). The outline for writing the patterns is displayed in Figure 

2.8E which indicates the designed tip trajectory when nanografting. For the experiments of Figure 

2.8, each concentric ring was executed by tracing the AFM tip twice at an applied force of 4.8 nN.  
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Figure 2.8 Patterns produced by nanografting hexanethiol within a dodecanethiol monolayer in 

ethanol. (A) Topography frame of 3×3 array of ring designs; (B) zoom-in topography and (C) 

lateral force frames of a single pattern; (D) cursor profile for line in B. (E) Schematic used for 

the nanopattern design. (Reprinted with permission from ref. 74) 

 

 

Examples of AFM studies with nanografting are summarized in Table 2.2 to show the 

diverse types of molecules and liquid media used for experiments. Since nanografting protocols 

are accomplished in liquid media, further successive chemical steps can be developed to introduce 

fresh reagents for 3-D fabrication of more complex nanostructures.75-76 By combining nanografting 

and the designed spatial selectivity of SAM headgroups, in situ studies with nanografting in liquid 

media provides capabilities for studying surface reactions at the nanoscale. The spatial selectivity 

of the headgroups can be used in subsequent steps to direct the attachment of proteins,51, 77 or for 

molecular assembly.10  
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Table 2.2 Representative experimental conditions and molecules studied with nanografting. 
Year Liquid media Pattern  

headgroup  

Nanografted molecule Matrix film Ref. 

1997 2-butanol CH3 1-octadecanethiol 1-decanethiol 12 

1999 2-butanol CH3 1-octadecanethiol 1-decanethiol 32 

2002 decahydro- 

naphthalene 

OH 11-mercapto-1-undecanal 1-octadecanethiol 78 

2003 water COOH  3-mercapto-1-propanoic acid  C11(EG)6  79 

2003 water OH 6-mercaptohexan-1-ol C11(EG)6 79 

2005  ethanol or 

2-butanol  

CH3 Mixed n-alkanethiols      

1-decanethiol and 

1-octadecanethiol, 10:1 

1-decanethiol and                       

1-octadecanethiol, 

10:1 

80 

2005 2-butanol  or  = 

Poly-α-olefin oil 

CF3 CF3(CF2)9(CH2)SH HOC6SH:C10SH=2:1 80 

2006 ethanol,      CH3 1-octadecanethiol decanethiol               81 

2006 2-butanol or  

hexadecane 

CH3 1-octadecanethiol C10SH:C18SH= 9:1 81 

2007 2-butanol SH 1-decanedithiol 1-decanethiol 82 

2007 2-butanol SH biphenyl 4,4’-dithiol 1-decanethiol 82 

2008 ethanol COOH 11-mercapto-1-undecanoic acid 1-octadecanethiol 83 

2008 ethanol CH3 Dodecanethiol 1,9-nonanedithiol 84 

2008 ethanol  SH 1,8-octanedithiol hexanethiol 84 

2008 ethanol CH3 1-hexanethiol thiolated biotin 

SAMs 

85 

 

 

2.4.6 AFM Studies of Biological Samples in Liquids 

Since biological processes take place in aqueous environments, liquid AFM offers in situ 

advantages compared to electron microscopy techniques when investigating biological samples. 

Using a liquid cell, biomolecules can be imaged in near-physiological, buffered conditions at 

ambient temperatures. The highest resolution reported for biological imaging with liquid AFM is 

on the order of 7 Å laterally, and ~1 Å for vertical resolution.3, 86 In buffer solution, the pH and 

ionic strength of the imaging media can be adjusted to balance the van der Waals and electrostatic 

interactions between the tip and the sample.3 Resolution is affected by the pH and ionic strength 

of the surrounding environment, which influences adhesive interactions between the tip and 

sample. To achieve high resolution imaging of biomolecules, Engel et al. describe a process for 

adjusting the pH and ionic strength of buffers to balance the van der Waals and electrostatic 

interactions between the tip and sample, at a loading force of 100 pN.3 Conformational changes of 
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single biomolecules have been visualized for systems of membrane proteins such as 

bacteriorhodopsin, porin OmpF and aquaporin-Z using contact mode AFM in buffer.3,87-89 

Structures such as polypeptide loops, α-helices and β-strands of membrane proteins were identified 

within close-packed arrays of membrane proteins. Example high-resolution images of 

bacteriorhodopsin are shown in Figure 2.9, for raw AFM topography frames acquired in buffer 

using different load forces. The circled structures are surfaces of individual extracellular proteins 

with a trimer center. Sequences of AFM images were acquired and analyzed to provide insight for 

the nanomechanics and conformational  

changes of membrane proteins.3 

 
Figure 2.9 High resolution liquid AFM images of the cytoplasmic surface of the 

bacteriorhodopsin membrane protein acquired using contact mode AFM. (A) Raw AFM 

topograph acquired at a loading force of ~ 200pN; (B) imaged at loading force of ~ 100 pN. 

(Scale bars: 10 nm) Circles indicate the trimer structure of individual extracellular proteins. 

(Reprinted with permission from ref. 3) 

 

Electrochemical AFM studies of biological samples have also been accomplished in buffer 

solutions for the hexagonally packed intermediate layer of ordered membrane proteins adsorbed 

to HOPG and other conductive supports.59, 90 Studies of electron transfer and adsorption of 

myoglobin on surfaces of a graphite electrode were conducted in situ using tapping-mode AFM 

combined with cyclic voltammetry measurements in Tris-HCl buffer solutions.91 
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Biological surfaces can be problematic for high resolution AFM imaging, because of the 

soft and sticky nature of the samples. Tapping mode has increasingly become more broadly applied 

and predominant for biological studies. For TM-AFM, the tip is driven to oscillate in and out of 

contact with the surface intermittently, which minimizes the destructive stick-slip shear forces that 

occur with continuous contact mode AFM. The tip does not have sufficient time to form transient 

interfacial bonds with the sample because it is driven to rapidly oscillate during scans across the 

surface. For soft, fragile samples of biomolecules such as proteins or cells, tapping mode has 

become the method of choice for nondestructive AFM imaging.13 The tip is driven to oscillate by 

a piezoceramic actuator92 or by an external AC electromagnetic field, as with magnetic acoustic 

AFM or MAC-mode.93-94 Table 2.3 provides examples of the range of sample types and imaging 

modes that have been used to investigate biological materials using AFM in liquid media.  

Liquid AFM studies do not require the use of fluorescent labels to detect binding processes, 

instead local structural changes can be directly detected. There are advantages for AFM studies of 

biomolecules such as cells and proteins as compared to methods with fluorescence and electron 

microscopies, which require chemical treatment and stains. In fluorescent microscopy, 

biomolecules are tagged with fluorophores that can potentially influence the overall binding 

affinity.95 Liquid AFM offers capabilities for investigations in non-denaturative environments 

without the requirement for fluorescent labels, providing insight into biomolecular mechanisms 

and binding interactions. High-resolution views of the extracellular and cytoplasmic surfaces of 

bacterial membrane channels involved in osmoregulation (aquaporin Z, Escherichia coli) were 

captured in buffer using contact-mode AFM by Scheuring et al.88 Structural changes of the protein 

surface were analyzed after samples were treated with trypsin for cleavage of the N-terminal 

fragment.  
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Table 2.3 Examples of biological samples studied in different liquid media using AFM. 
Biological System Studied Substrate Media  AFM Mode(s) Ref. 

outer membrane proteins: 

porin OmpF, aquaporin-Z,  

bacteriorhodopsin 

mica buffer contact  3 

bovine serum albumin 

tobacco etch virus capsid protein, 

tobacco mosaic protein, 

specific antibodies (IgG) 

-COOH 

monolayers 

water contact  26 

amylin fibrils mica buffer contact  

time-lapse AFM 

47 

collagen fibrils mica buffer tapping 48 

DNA-protein binding mica buffer tapping 49 

F-actin filaments, human amylin 

fibrils, nuclear pore complexes 

mica buffer contact  

time-lapse AFM 

50 

Esherichia coli bacteria glass slide 2-butanol contact 86 

Escherichia coli water channel, 

aquaporin Z 

mica buffer contact 88 

myoglobin graphite buffer tapping 91 

fibronectin TiO2 water MAC-mode 93 

purple membrane protein 

(Halobacterium salinarum) 

mica buffer MAC-mode 94 

Dipalmitoylphosphatidylcholine and 

cholesterols 

mica PBS  frequency modulation 41 

bone marrow-derived mast cells  glass coverslips PBS tapping/contact 96-97 

double-stranded plasmid DNA mica n-propanol contact 98 

DNA mica butanol tapping 99 

Escherichia coli RNA polymerase mica buffer tapping 100 

G protein-coupled receptors rhodopsin 

and opsin 

mica buffer contact  101 

ATP synthase rotor proteins mica buffer contact 102 

RNA polymerase binding to DNA mica buffer contact  

time-lapse AFM 

103 

canine kidney cells glass coverslips PBS contact  

time-lapse AFM 

104 

DNA mica aqueous 

solutions 

contact  

time-lapse AFM 

105 

 

The ability to directly monitor dynamic changes of the conformation or association of 

biomolecules using time-lapse images is an inherent advantage of liquid AFM. By successively 

acquiring in situ images in liquid media, progressive changes of surfaces or materials that occur 

over time can be recorded. The self-assembly of collagen fibrils onto mica was tracked using time-

lapse AFM by Cisneros et al., with tapping-mode AFM experiments conducted in liquid.48 A time-

lapse sequence of AFM images for the process of the assembly of RNA polymerase and DNA into 

complexes was reported by Guthold et al. for experiments conducted in Hepes/MgCl2 buffer, 
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revealing high-resolution views of protein binding to DNA.103 Madine-Darby Canine Kidney 

(MDCK) cells were studied using time-lapse AFM in physiological conditions, revealing 

movement of fibers through the cells during imaging.104 Studies of the structure and dynamics of 

DNA were conducted in aqueous solutions by Lyubchenko and Shlyakhetenko using time-lapse 

AFM.105 Time-lapse images disclosed steps of the unfolding and branch migration of a Holliday 

junction over time. The succession of interaction events for the tumor suppressor protein p53 with 

a DNA fragment were investigated with time-lapse AFM using tapping mode in liquid.49 

Interactions such as association, re-association, sliding and direct binding of the protein to DNA 

were detected for samples attached to mica surfaces. The growth of amyloid fibrils was observed 

in liquid media by Goldsbury et al., evidencing bidirectional growth of amylin over time.47 

Changes were monitored over intervals of hours as the mica surface was continuously scanned. 

The capabilities of in situ imaging and AFM-based nanofabrication have been combined 

for molecular-level studies of DNA and proteins.75, 77, 106 Nanostructures of proteins were produced 

on gold substrates using nanografting with gold-binding residues such as cysteine,107 or with thiol 

modification of the protein molecules.108 In a multi-step approach, nanografted patterns of SAMs 

can be used for site-selective adsorption of proteins. The terminal moieties of SAM nanopatterns 

can be designed with chemistries that avoid nonspecific protein adsorption, yet make specific 

interactions with targeted proteins. Examples of nanografted patterns have been reported with 

protein binding mediated by covalent,51, 109 electrostatic.109 and specific110 molecular interactions. 

By incorporating a short thiol linker at the end of the strands, nanografted structures of single-

stranded oligonucleotides of DNA as narrow as 10 nm were produced using nanografting.111-115 

Typically, for the natural adsorption of thiolated DNA on gold surfaces, the DNA molecules tend 

to lie down with the molecular backbone aligned parallel to the substrate. However, for patterns 
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of DNA oligomers that are nanografted, a relatively close-packed structure with a standing 

conformation is produced with the molecules oriented in an upright configuration.113-114 

Investigations of enzyme-digestion and label-free hybridization of single stranded DNA 

nanostructures were conducted in situ for nanografted patterns of DNA in liquid media.112-115 

2.5 Future Developments of Liquid AFM  

 An emerging challenge for nanoscale measurements is to capture and quantify the 

magnitude of structural changes for different materials in response to environmental parameters. 

Environmental factors such as pH, solvent polarity, ionic strength and temperature are dynamic 

variables which influence scanning probe experiments. With liquid imaging, in situ studies of 

electrochemistry, surface assembly reactions, and chemical/physical mapping of samples can be 

accomplished with time-lapse capture of surface changes. Combining liquid AFM with other 

imaging modes has made it possible to acquire information while simultaneously imaging samples, 

for nanoscale mapping of surface properties. Improvements to SPM instruments for probe designs 

and increased imaging speed will better facilitate investigations for studies of 

chemical/biochemical kinetics.  

Future developments of liquid AFM techniques will couple other analytical approaches 

such as Raman or infrared spectroscopies for multifunctional instrumentation. The practical 

hurdles for developing such approaches are the low intensity optical signals and lack of sensitivity 

for such small size scales. Imaging in liquids provides a way to detect surface changes as 

influenced by solvents or pH effects at the nanoscale, for dynamic studies of the influence of 

environmental stimulus. The capabilities of liquid AFM will be important for emerging research 

efforts in developing stimuli-responsive materials and polymers. 
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CHAPTER 3: ELECTRONIC MEASUREMENTS WITH                

MOLECULAR SYSTEMS 

 

3.1 Introduction to Molecular Electronics   

The vision of molecular electronics will require that methods be developed to assemble 

nanoscale objects (molecules, nanoparticles, carbon nanotubes and nanowires) to form devices and 

circuit architectures.116 The design of practical molecular devices for photonic, electronic, or 

optoelectronic applications holds potential to solve the scalability problems for miniaturization 

and storage density for computerized information, and there are also opportunities to significantly 

reduce the fabrication and energy costs as compared to conventional manufacture of 

semiconductor-based technologies. Fabrication of complete circuits at the molecular level poses a 

challenge  because of the difficulty of connecting molecules together in devices.117-118  

Characterizations with scanning probe microscopy (SPM) have revolutionized our ability to 

understand the underlying mechanisms of chemical reactions on surfaces, as well as to correlate 

nanoscale properties (conductance, magnetism) with structural architectures of diverse molecular 

systems – ranging from biomolecules to self-assembled monolayers to polymers and 

nanoparticles.119-121 

According to James Tour, a leading researcher in the field of molecular electronics, “it has 

become clear that even though the syntheses of multitudes of molecules have been laborious, the 

testing of the molecules in electrical devices has fallen far behind the pace of synthetic efforts.”122 

There is a need for new approaches and more reliable measurements of charge transport for 

molecularly thin films, pressing the limits to experimental measurements of single molecule 

conductance.123 The majority of research regarding electrical measurements in molecular 

electronics has been accomplished using methods such as break-junctions,124-127 single electron 

transistors,128 gold nanoparticles on SAMs,129-131 crossed wire tunnel junctions,132-134 nanoimprint 
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lithography,135 and nanopores.136-138 Charge transport in organic molecules has also been 

investigated by approaches such as electrochemical measurements,139-141 mercury drop 

electrodes,142-143 atomic force microscopy (AFM),144-147 and scanning tunneling microscopy 

(STM)148-150 conductive probe measurements as well as theoretical calculations.151-152 Each 

method has associated advantages and difficulties. A disadvantage of most of the measurement 

techniques (except for AFM and STM approaches) is that information about the local structure; 

surface organization and molecular orientation are not provided. Because of the dual capabilities 

for obtaining physical measurements and structural information with unprecedented sensitivity, 

scanning probe characterizations are becoming prevalent for molecular electronics investigations.  

For comparing molecular conductance, a particular problem is presented for 

reproducibility with nanoscale measurements. The discrepancies when comparing the various 

measurement approaches is most likely attributable to variations in the orientation of molecules 

on surfaces. The surface orientation of molecules is known to affect the conductive properties of 

pi-conjugated systems, and has been corroborated by molecular mechanics calculations. 

Geometric considerations such as molecular coupling to the substrate, the angle of molecular 

orbitals relative to the surface, distance/proximity effects due to the tilt of the molecular backbone, 

as well as lateral intermolecular interactions have been implicated to have a role for conductance 

measurements at the molecular level.153-160  

3.2 Conductive Probe Measurements using Atomic Force Microscopy (AFM) 

The atomic force microscope was invented in 1986, and uses a force feedback mechanism 

to scan a probe across the surface of either insulating or conductive samples.15 In contact mode, 

the probe remains in contact with the sample while raster scanned across the surface. Using a 

conductive tip, electronic measurements can be made similar to the properties investigated by 

STM. Conductive probe atomic force microscopy (CP-AFM), also called current sensing (CS-
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AFM) and conducting atomic force microscopy (C-AFM), is a scanning probe technique that uses 

a conductive tip to map the conductive areas of a sample.161-164 Conducting AFM was first 

described in 1989 by Japanese researchers investigating surface conductance of various metals. In 

the research, Morita et al. compared images acquired using an AFM with a conducting tip to 

images of the same metal surfaces imaged with STM. The authors illustrated the potential use of 

the AFM to investigate conductive properties of sample surfaces similar to the approach for 

STM.161 The use of CP-AFM was expanded by research groups lead by Professors Stuart Lindsay 

and C. Daniel Frisbie, both of whom were the first to use the CP-AFM approach with organic 

molecules. While both groups researched the conductivity of organic molecules using CP-AFM, 

the overall goal was achieved with different molecular systems. Dr. Lindsay’s research focused on 

achieving conductivity measurements of single molecules while Dr. Frisbie’s studies targeted 

measurements of the conductivity of self-assembled monolayers (SAMs) of alkanethiols.144, 163, 

165-170 Studies of the conductivity of organic molecules demonstrated the effectiveness of CP-AFM 

in the field of molecular electronics.171  

3.2.1 Operating Principle of Conductive Probe Atomic Force Microscopy (CP-AFM) 

With CP-AFM, the tip is placed in direct contact with the material to be probed under a 

controlled force setting, as shown in Figure 3.1. For current-voltage (I-V) measurements, a 

conductive SPM tip is grounded, and a bias is applied to the substrate. Current-voltage 

characteristics can be measured by applying a voltage and measuring the resultant current. A 

sensitive pre-amp is placed near the conductive probe to enable low-noise measurements of current 

in the range of femto- through pico- amperes. Current flow is measured between a biased metal-

coated cantilever and the conductive substrate.172 Two types of measurements can be accomplished 

with CP-AFM. A point-contact measurement can be made with the tip at a fixed position of the 

sample. For I-V measurements, resistance is measured between the probe and a contact point of 
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the sample. The second type of measurement, current mapping provides topographic imaging with 

measurements of resistance (or measured current) as a function of probe position. With a certain 

bias applied to the sample, the current can be measured point-by-point to reconstruct a map of the 

conductivity of the sample. 

Figure 3.1 Instrument set-up for CP-AFM.  

 

 

 Two types of data can be obtained with CP-AFM. The first measurement is a current-

voltage curve made with point to tip contact as shown in Figure 3.2.  The nature of the sample 

being investigated determines the shape of the graph. With a non-conductive sample, the I-V curve 

will be a horizontal line on the current axis because there is no current to be measured (Figure 

3.2A). If the sample is conductive, the I-V curve will show a line with a steady slope (Figure 3.2B). 

A certain current will be measured with conductive material when a bias is applied. An I-V curve 

obtained from a semiconductive sample will look like a combination of the conductive and non-

conductive curve. There will be areas of non-conductivity along with areas of conductivity (Figure 

3.2C). Examining the shape of the graph can help determine the type of material being investigated.  
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Figure 3.2 Theoretical current-voltage curves from CP-AFM. Example I-V profiles are shown 

for (A) A nonconductive sample; (B) a conductor; (C) a semiconductor. 

 

 

An example of the current map is shown in Figure 3.3. The current map is acquired 

simultaneously with the topography image of the sample. In Figure 3.3 the sample is a bare gold 

substrate. In the topography image (Figure 3.3A) the irregular shapes of the terraces of gold steps 

are shown, often used to calibrate the z dimensions of an AFM instrument. The corresponding 

current map acquired simultaneously with the topography frame is shown in Figure 3.3B. Gold is 

a conductive substrate, but the heterogeneity of the conductive regions is shown in the current 

map. The areas around the step edges are seen to be more conductive that the middle of the gold 

step. The sample was scanned at a positive bias of 0.7 V. At the nanoscale, subtle differences in 

conductivity of the gold substrate at different regions can be visualized.  

Figure 3.3 Simultaneously acquired topography and current images of bare Au(111) substrate 

obtained with CP-AFM 
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3.2.2 Probes Used for CP-AFM 

The probes used for CP-AFM are usually silicon or silicon nitride tips that have been coated 

with a conductive metal film. Different metals have been used to coat AFM probes, including 

tungsten, platinum, iridium, and titanium.163, 173-174 In addition to the conductive metal coated tips, 

there are also pure tungsten tips, and doped diamond tips. Current-voltage relationships are 

influenced by the electronic properties of the tip-sample contact.163-164 Studies have been reported 

of how the material of the tip influences the measurements of current with CP-AFM.173, 175 

Typically, low force is used when imaging and taking measurements with CP-AFM to prevent 

damaging the coating of the tip. The conductivity of the tips is checked by taking measurements 

with known conductive surfaces such as gold, platinum, or doped silicon surfaces.171, 173-174  

Figure 3.4 Optical micrograph of conductive AFM tip. (60x)   

 

 

3.2.3 Molecular Systems Studies Using CP-AFM 

Since its introduction, CP-AFM has been used to examine the electronic properties of metal 

surfaces, organic thin films, and biological molecules; representative examples are summarized in 

Table 3.1. Although CP-AFM has been used extensively for measurements with alkanes,176-179 

phenyl-alkanes180 and arenethiols,181 systems such as porphyrins and phthalocyanines have not 

been as rigorously investigated for conductive properties.  
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Table 3.1 Examples of Systems Studied using Conductive Probe AFM 
System studied (surface & environment) Year Ref. 

Au, Ag, Ti, Cu surfaces (Au, Ag, Ti, Cu foil) 1989 161 

Metal-oxide-silicon capacitors Very large scale integration (VLSI) oxide layers (silicon 

substrate) 

1993 182 

Freshly cleaved highly ordered pyrolytic graphite (HOPG) 1995 173 

SiO2 thin films (crystalline silicon or poly silicon substrates) 1995 183 

Tungsten film (silicon wafer) 1996 175 

p-type silicon surface, silicon on insulation (SOI) 1996 184 

Carotenoid (Au(111) on mica) 1998 168 

Sexithiophene (SiO2 or Au) 1998 163, 170 

CH3(CH2)nSH 5≤ n ≤ 9 (polycrystalline Au) 2000 144 

1,8 octanedithiol (Au(111)) 2001 166 

Polyaniline (PANI) and poly(methyl methacrylate) thin film (Au on silicon) 2001 185 

CH3(CH2)n-1SH 4<n<10 Benzylthiol (Au on Si substrates) 2001 186 

Phenylene oligomer SAMs (Au (111)) 2003 187 

Pseudomonas aeruginosa azurin (Au or HOPG) 2003 188 

Undoped poly(decylthiophene) (Au) 2003 189 

Polypyrrole thin film (Au on silicon substrate) 2004, 2005 190-191 

Organic light emitting diodes [Indium tin oxide substrate with monolayer of (4,4’-bis[(p-

trichlorosilylpropylphenyl)phenylamino]-biphenyl)2, thin film of [N, N’-di(α-naphthyl)-

N,N’-diphenyl-1,1’-biphenyl-4,4’diamine] and [tris(8-hydroxyquinalato)aluminum(III)] 

2004 192 

SiO2 (n-type silicon substrate) 2007 193 

Azobenzene (Au(111)) 2008 194 

(Boc)-Cys-(S-Acm)-(Ala-Leu)n-NH-(CH2)2-SH peptide n = 4-7 (Au substrate) 2012 195 

 

3.2.4 Current-Voltage Measurements using Scanning Tunneling Microscopy (STM) 

Scanning tunneling microscopy (STM) was invented in 1981 by researchers at IBM and was a 

monumental achievement in the field of scanning probe microscopy and nanoscience.196 The first 
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STM instrument used a wire to probe the surface of samples to obtain high resolution images. 

The STM has capabilities of obtaining electronic measurements with topographical, conductive 

images and tunneling spectroscopy.197 However, the feedback mechanism of the STM is based 

on the tunneling of current between the tip and the sample.186, 198  

Conductive probe measurements with STM are quite different than AFM measurements.176  

For current-voltage (I-V) spectroscopy with STM, the tunneling of electrons between the tip and 

sample are part of the feedback loop for tip positioning. As an advantage, measurements with STM 

can be accomplished in UHV environments, to eliminate the water meniscus layer which forms 

under ambient conditions. However, STM measurements cannot be accomplished if the molecules 

are highly insulating. The STM tip does not make direct contact with the sample, so the resulting 

computational models of experimental results must take into account the gap distance between the 

probe and sample. For conductive probe AFM (CP-AFM) measurements, the electrical 

information is not part of the feedback process. The AFM tip is placed directly on the sample 

surface, at a designated force. An intrinsic advantage of AFM instruments is unparalleled control 

of applied forces - ranging from pico to nanonewtons. The current through a molecule is known to 

depend on the force used to contact the molecules and also depends on the tip geometry.199 A 

further convenience of CP-AFM measurements is the versatility of imaging environments, 

enabling studies in liquid media or ambient environments. 

Conventional I-V measurements are taken when the STM tip is brought to within a few 

angstroms of the sample surface using a positional feedback mechanism which controls the 

magnitude of the tunneling current. Scanning tunneling spectroscopy (STS) is an STM technique 

for measurements of current-voltage. Once the tip is in position, the tunneling current feedback 

and scanning is turned off. In STS, a bias is scanned over a defined range and the current is 
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recorded.200 Unlike the I-V measurements obtained with AFM, the tip of the STM does not touch 

the sample. The STS technique has been used to study the charge transport of different molecular 

systems including single crystal magnetite and inorganic acids such as 12-molybdphosphates on a 

graphite surface.201 The I-V characteristics of organic monolayers such as hemiquinone on a gold 

surface have also been examined using STM.202  

Both CP-AFM and STM I-V measurements have been applied to measure the electrical 

properties of molecularly thin films and nanostructures. Both techniques are able to provide 

topography information and a conductive map of the sample surface.161, 163-164, 171 Because CP-

AFM can also be used to image insulating surfaces, it has an advantage in providing images and 

conductive measurements of mixed samples.185, 190, 192 A difference between the two SPM-based 

methods is that for STM the tip is not placed in direct contact with the sample surface, and thus 

the measurements include a tunneling gap of certain dimensions. In CP-AFM, the tip is placed in 

direct contact with the sample under a certain force for acquiring measurements. Depending on the 

type of sample material, the measured current may increase as a function of the force applied to 

the tip with CP-AFM.173-174 

Beyond electrical measurements, characterizations with AFM and STM also furnish high-

resolution views of the local morphology of molecular films and nanostructures, to enable 

assessment of sample quality. At high voltage the samples can be damaged or altered. Thus, to 

ensure reliable and reproducible conductive probe measurements it is important to acquire 

molecular-level views of surfaces after applying voltage to detect possible structural changes 

resulting from processes of local heating, desorption or oxidation. 

3.3 Measurements of Charge Transport using other techniques 

 Along with scanning probe methods, there are other techniques used to measure the charge 

transport of different molecular systems. These techniques follow the donor-bridge-acceptor 
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classification described by Ratner in which electron transfer is measured from the donor to 

acceptor via a bridging molecule or wire.203 The donor/acceptor can be either an electrode or a 

molecule.203-204  

3.3.1 Metal Nanoparticles on Self-Assembled Monolayers  

 Metal and semiconducting nanoparticles on self-assembled monolayers (SAMs) have been 

used to investigate the electron transfer of different molecular systems. Gold nanoparticles in 

conjunction with dithiol SAMs have been used to examine the conductivity of the nanoparticles.166, 

205 A scanning probe microscope is used to acquire the current-voltage measurement. This method 

requires that there be some type of bond formed between the nanoparticle and SAM. The STM tip 

and SAM on a conductive substrate serve as the donor and acceptor while the nanoparticle serves 

as the bridging molecule. Quantum dots have also been used as the bridging molecule.206 

Monolayer protected clusters (MPCs) are nanoparticles with an outer molecular layer and have 

also been studied using this method.207 This method is applicable to molecules that can be bonded 

to the nanoparticle and the SAM underneath which limits the molecules that could be studied. 

3.3.2 Molecular Break Junctions 

 Break junctions can be used to measure the conductance of a single molecule or molecular 

cluster. The electrodes are manufactured to have a distance of nanometers.208 Mechanical break 

junctions have been used to probe the charge transfer properties of different molecules. In a 

mechanically controlled break junction, a bending beam is mounted on a piezo material. A metal 

wire is secured on top of the bending beam and broken by the bending of the flexible substrate. 

After breaking the wire, a tunneling gap can be adjusted and measurements acquired for different 

molecular systems.127 Break junctions offer the advantage of being able to measure the 

conductance of a single molecule. The break junctions are useful for investigating self-assembling 

single molecule junctions because they eliminate artifacts associated with surface defects.209 The 
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difficulty for the break junction method is to place a single molecule between the contacts, which 

can be difficult.    

A break junction can be defined as a single molecule trapped between metal electrodes.204 

Scanning probe tips have also been used as electrodes in break junctions. The STM and AFM tips 

have been used as an electrode in break junction measurements while a substrate serves as the 

other electrode.144, 186, 209-210 The molecules are usually on the surface of a conductive substrate or 

embedded in a self-assembled monolayer on the surface. 

3.3.3 Measurements with Mercury Drop Electrodes 

 The electrical properties of different SAMs of alkanethiols have been investigated using 

the mercury drop method. 196, 207-209 Mercury has a high affinity for thiols, with the thiol chain 

oriented perpendicular to the surface. A drop of mercury drop is used to form metal-insulating-

metal (MIM) junctions.198 The MIM junctions were used to study the conductivity and dielectric 

constant of alkanethiol SAMs.198, 211-213  

 The mercury drop method uses liquid mercury as an electrode. The measurements are made 

with different approaches. The organic molecules can be directly assembled onto the top of a drop 

of mercury, sandwiched between two mercury drops, or a drop of mercury can be placed onto a 

SAM that was formed on a substrate.198, 211-213 The use of liquid mercury as one electrode and a 

thin solid evaporated metal film as a second electrode is the easiest configuration to assemble and 

manipulate compared to using mercury drops for both electrodes.198 Because of the high affinity 

of mercury for alkanethiols, this method is good for investigating the conductive properties of 

SAM molecules. Using liquid mercury as the surface helps create a SAM that has minimal defects 

compared to those assembled on a gold surface.198, 212 However, molecules that do not form SAMs 

on a surface of mercury are not suitable for study by this method.   
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3.4 Summary 

Fundamental questions to be investigated with conductive probe studies are the roles of 

molecular architecture, surface orientation, geometries of nanostructures and intermolecular 

interactions for measurements of charge transport. The importance of coupling between adjacent 

molecules in molecular electronics has not been investigated, due to the difficulties of controlling 

molecular assembly at the level of single molecules. In this dissertation, conductive probe 

measurements will be accomplished with different molecular systems and orientations by 

generating coplanar assemblies in thin films of naturally formed surface assemblies versus 

designed nanopatterns. It is likely that as the dimensions of nanopatterns become successively 

smaller, quantum effects may be detectable in I-V spectra. Fundamentally, the goals are to 

elucidate the role of molecular structure, packing and orientation for electron pathways, which is 

largely unknown.  

It is critical to know the organization and arrangement of molecules on surfaces when 

measuring and modeling charge transport. For this reason, the capabilities of AFM for high 

resolution imaging are critical for studies with molecular systems. Conceptually, by arranging and 

orienting molecules such as porphyrins and phthalocyanines in well-defined arrangements, local 

surface measurements of charge transport can be enabled for different pathways through the 

molecules. A key objective for the studies in this dissertation is to develop approaches with 

nanolithography to construct arrays of designed test structures of known orientation. By using a 

combined approach with scanning probe imaging, nanolithography and current measurements with 

designed molecular platforms, the methods developed will be suitable for addressing questions 

about the role of intramolecular organization in electron transfer. It has been predicted that 

quantum effects in electronic conduction will be observed as the size of electronic devices 

approach molecular scales. Our strategy will be to arrange designed molecular architectures on 
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surfaces with defined orientation to enable local measurements of charge transport for different 

pathways through the molecules. Reference molecules of insulating n-alkanethiol matrix layers 

will furnish an internal calibration standard for normalizing measurements of current-voltage (I-

V) spectra. Also, by generating nanopatterns of successively smaller dimensions, the size scaling 

effects can be systematically probed.  
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CHAPTER 4. CHARACTERIZATION OF DESIGNED 

COBALTACARBORANE PORPHYRINS USING CONDUCTIVE PROBE 

ATOMIC FORCE MICROSCOPY 

 

4.1 Introduction 

The choice of studying model systems of porphyrins is highly practical, because of the 

associated electrical, optical and chemical properties of this functional class of molecules. 

Porphyrin and metalloporphyrin systems are excellent materials for molecular electronics, due to 

their diverse structural motifs and associated electrical, optical and chemical properties, and 

thermal stability.214-219
 At a basic level, electronic properties are controlled by the degree of π 

delocalization.220
 Porphyrins can be organized into supramolecular arrays, aggregates and crystals 

with diverse functions. The rigid planar structures and π- conjugated backbone of porphyrins 

convey robust electrical characteristics. The porphyrin macrocycle consists of four pyrrole rings 

joined by four methine carbons. The architecture of porphyrins has been proposed as viable for 

electronic components for molecular-based information-storage devices,221-224
 gas sensors,225-226

 

photovoltaic cells,227-228
 organic light-emitting diodes,229-232

 and molecular wires.233-235 

Synthesis of cobaltacarborane porphyrin conjugates was first reported by Hao et al.236-238 

The cobaltacarborane ligand consists of an alkoxy chain terminated with two carborane cages with 

a single cobalt atom situated between the carboranes.236-240 The abundance of boron in the 

cobaltacarborane ligands was studied for potential applications in boron neutron capture therapy 

and the fluorescence properties were studied for potential use for photodynamic therapy.236-237 The 

cobaltabisdicarbollide anion in the cobaltacarborane ligand was studied for attributes of chemical, 

thermal, and photostability.237, 241 In this report, the conductive properties of selected 

cobaltacarboranes was investigated for potential applications in molecular electronics. 
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Research in the molecular electronics field has been advanced by the invention of the 

scanning tunneling and atomic force microscopes. Scanning probe microscopes have advantages 

for investigating nanoscale phenomena, with capabilities to acquire images with nanometer 

resolution as well as make spectroscopy measurements of single molecules or clusters.197 Several 

scanning probe techniques can be used to obtain electronic information of molecular systems.197, 

242-246 Scanning probe measurements have been used to examine electronic properties such as 

conductance, dielectric constants and capacitance while providing surface views and topographic 

information of the samples.242-245, 247-249 For conductive probe atomic force microscopy (CP-AFM) 

a conductive tip is scanned across the sample, while a bias is applied to the substrate. Most 

commonly, the current is measured by a sensitive preamp, located near the probe. With CP-AFM, 

two types of data acquisition are possible: a conductive map of the sample surface and a current 

voltage profile of selected local areas of the surface. The feedback mechanism of CP-AFM is based 

on applying a chosen force set-point; therefore, the conductive AFM probe remains in direct 

contact with the sample during spectroscopy measurements.  

For these investigations, selected cobaltacarborane porphyrins were investigated using 

contact mode and CP-AFM to evaluate the role of molecular structure for surface assembly, self-

aggregation and conductive properties. Specifically, changes with surface measurements were 

evaluated and compared according to the numbers and arrangement of cobaltacarborane 

substituents. 

4.2 Experimental Section 

4.2.1 Sample Preparation 

Gold substrates, Au(111)/mica, were purchased from Agilent Technologies, Inc. 

(Chandler, AZ). Cobaltacarborane porphyrins were synthesized as previously reported.237 The 
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gold substrates were rinsed with deionized water, then a 15 µl drop of porphyrin solution (10-6 M) 

was deposited on the gold substrate and dried in ambient conditions overnight. 

4.2.2 Atomic Force Microscopy (AFM) 

Conductive probe atomic force microscopy (CP-AFM) experiments were accomplished in 

air with a model 5500 AFM/SPM from Agilent equipped with Picoscan v5.3 software. Triangular 

cantilevers with a tip radius of less than 35 nm, tip height of 20-25 µm and a force constant of 6.0 

N m-1 were used for contact mode imaging and CP-AFM, the tips were acquired from MikroMasch 

(San Jose, CA). A copper wire was placed in physical contact with the gold substrate so that a bias 

could be applied to the sample (± 2.0 V). Digital images were processed using Gwyddion 

software.250  

4.3 Results and Discussion 

Tetraphenyl porphyrin macrocycles were functionalized with 2, 4, or 8 cobaltacarborane 

substituents arranged as shown in Figure 4.1. The cobaltacarborane porphyrins were synthesized 

via a ring-opening zwitterionic reaction in high yields (90-97%), as previously reported.203, 236 

Each of the substituents contains a cobalt atom which is coordinated between two carborane cages. 

The numbers and arrangement of the cobaltacarboranes should systematically influence the 

measured I-V characteristics, thus providing a model surface material for CP-AFM.  

 

 

Figure 4.1 Cobaltacarborane porphyrins selected for AFM studies. 
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The symmetry of the molecules and arrangement of cobaltacarborane moieties was found 

to influence the surface assembly and molecular aggregation of samples prepared on Au(111). 

Representative images (topography and corresponding lateral force frames) of the three 

cobaltacarborane porphyrin (Co-Por) samples of Figure 1 are presented in Figure 4.2. Typically, 

porphyrin macrocycles orient on the surface in a coplanar configuration, and stack together to form 

columnar assemblies. However, the nature and size of substituents influences the surface 

arrangement and self-aggregation of the nanocrystals. With two cobaltacarborane ligand for Co-

Por1, the surface assemblies exhibit polydisperse sizes arranged randomly across the surface of 

gold (Figures 4.2A-4.2A´). The nanocrystals tend to attach near the edges of the gold steps, 

however there is sufficient surface density for stacks to locate at terrace sites. The thickness and 

lateral dimensions of the nanostructures is disperse, however the geometry retains a nearly 

spherical shape. However, with four cobaltacarborane ligands oriented symmetrically as shown 

for Co-Por2, the surface structures changed to exhibit a rod-like or needle shape (Figures 4.2B-

4.2B´). There does not seem to be any preferential attachment to the edges of gold steps, the 

nanocrystals of Co-Por2 are regularly shaped and randomly distributed throughout areas of the 

surface. With eight cobaltacarborane ligands, Co-Por3 forms exquisitely regular spherical stacks 

that locate at the step edges of the gold surface (Figures 4.2C-4.2C´). The vertical and lateral 

dimensions of the nanocrystals are monodisperse, and tended to form linear assemblies that 

decorate step edges.  
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Figure 4.2 Cobaltacarborane porphyrin samples prepared on gold, imaged with contact mode 

AFM. The top row shows the topography frames, and the simultaneously acquired lateral force 

images are shown below. (A) Co-Por 1 (B) Co-Por 2 and (C) Co-Por 3.  

 

The systematic changes in surface shapes and dispersity highlights the role of molecular 

structure for surface assembly for the cobaltacarborane porphyrins. Previous studies with 

porphyrins have shown that pi-pi intermolecular interactions are a dominant force for directing 

macrocycles to assemble into stack structures, with the plane of the macrocycle aligning with the 

substrate. Differences in the number and placement of cobaltacarborane ligands leads to changes 

in the shapes of surface assemblies, as well as in the arrangement to form linear chains or dispersed 

islands. The asymmetric arrangement of two cobaltacarborane ligands for Co-Por 1 produced a 

wider range of sizes and dispersity. The symmetric para arrangement of four ligands for Co-Por 2 

produced elliptical rod shapes of symmetric crystals. A highly uniform spherical shape and size 
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was observed for Co-Por 3, with eight ligands arranged symmetrically around the macrocycle. The 

selected cobaltacarborane molecules nicely demonstrate that molecular symmetry directs the 3-D 

assembly of macromolecules to form nanocrystal shapes. 

A zoom-in view of the cobaltacarborane porphyrin nanocrystals is shown side-by-side in 

Figure 4.3. The shapes and surface arrangement of each molecular structure is compared with 

topography frames in the top row, and the edges of the crystals are more clearly resolved in the 

corresponding lateral force images in the middle row. The heights of a few nanocrystals are shown 

with example cursor line profiles in the bottom panels. For the nonsymmetric structure of Co-Por 

1 (Figures 4.3A and 4.3B) the nanocrystals have a mostly spherical shape, exhibiting a range of 

sizes. Many of the crystals are located at step edges, however a few are located within terrace sites. 

The step edges can be resolved in the lateral force frame, Figure 4.3B. A cursor profile indicates 

the heights of three nanocrystals of Co-Por 1 measure 11, 23 and 18 nm, from left to right. In 

contrast, the rod-like shape of the para substituents of Co-Por2 are viewed in Figures 4.3D and 

4.3E. The segregated islands of Co-Por 2 do not appear to attach preferentially at sites of step 

edges and are randomly distributed across the surface. The heights of three nanocrystals outlined 

in Figure 3D measure 11, 13, and 12 nm (Figure 4.3F). A close-up view (3×3 µm2) of densely 

packed nanostructures of Co-Por 3 is shown in Figures 4.3G-4.3H. At this magnification the linear 

arrangement of chains of near-spherical nanocrystals can be resolved, and some of the crystals 

have begun to pile together into taller aggregations. A cursor profile across nine nanocrystals 

(Figure 4.3I) indicates heights ranging from 2 to 8 nm. 
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Figure 4.3 Magnified view of cobaltacarborane porphyrin nanocrystals on gold, imaged with 

contact mode AFM. (A) Topography; (B) lateral force and (C) example cursor profile for Co-Por 

1. (D) Topography; (E) lateral force and (F) corresponding cursor profile for Co-Por 2. (G) 

Topography; (H) lateral force and (I) cursor profile for Co-Por 3. 

 

The distribution of heights for the cobaltacarborane porphyrins is presented with size 

histograms in Figure 4.4. The widest range of sizes is observed for Co-Por 1, ranging up to 40 nm 

in height with an average measuring 15 ± 7.2 nm. A smaller range of sizes (up to 25 nm in height) 

was observed for tetra-substituted Co-Por 2, with an average height measuring 14 ± 3 nm. The 

narrowest size range and smallest nanostructures were observed for the octa-substituted Co-Por 3, 

with an average height measuring 4 ± 1 nm. Porphyrin nanocrystals consist of multiple molecular 

layers assembled in a stacked arrangement. The cobaltacarborane ligands appear to interfere with 

the molecular self-assembly. The structure with the fewest ligands (Co-Por 1) formed taller stacks, 

whereas increasing the numbers of substituents produced smaller structures. With a fully 
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substituted arrangement with eight cobaltacarborane ligands, smaller crystals formed due to steric 

effects.  

Figure 4.4 Height distribution measured with cursor profiles for cobaltacarborane porphyrins (n 

= 100): (A) Co-Por 1; (B) Co-Por 2; and (C) Co-Por 3.  

  

 Representative current-voltage profiles of the cobaltacarborane porphyrins are compared 

in Figure 4.5. The electrical transport properties of the three samples are distinct as regards the 

magnitude of the measured current and onset of conduction. A staircase profile was reproducibly 

detected for Co-Por 1, indicative of Coulombic charging (Figure 4.5A). Discrete increments of 2 

nA current were measured at approximately 1 V intervals for the molecule designed with two 

cobaltacarborane substituents. Coulombic behavior was not detected for the other samples. An I-

V curve that is typical of a semiconductive sample was detected for Co-Por 2, with an asymmetric 

profile (Figure 4.5B). The onset of current was detected at -8 V and + 5 V, within a measuring 

range below 0.1 nA. The I-V profile for Co-Por 3 was also asymmetric, (Figure 4.5C) however the 

magnitude of current ranged ±2 nA. The current onset was detected at ~ 0.05 V for this sample. 

 The size of the nanostructures did not show apparent differences in I-V profiles. Regarding 

the Coulombic profiles of Co-Por 1, there have been previous reports of current profiles with 

Coulombic staircase characteristics obtained at room temperature.251-252 Wakayama et al. reported 

that organic molecules could be used as Coulomb islands of single-electron tunneling devices; a 

porphyrin derivative (tetrakis-3,5 di-t-butylphenyl-porphyrin (H2-TBPP)) was found to be suitable 
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as a Coulomb island. The H2-TBPP was layered between SiO2 on Si(100) and was investigated 

with STM at 5 K under ultra-high vacuum.253  

Figure 4.5 Representative current-voltage profiles for cobaltacarborane porphyrins: (A) Co-Por 

1; (B) Co-Por 2; and (C) Co-Por 3.  
 

4.4 Conclusions 

In the future, the conductive properties of selected molecular architectures will be 

accurately computed using theoretical approaches. However, currently there is a need for accurate 

and reproducible experimental measurements of conductive properties of molecular architectures 

for reliable comparison to theoretical models of charge transport in molecular systems. Systematic 

changes in surface shapes and dispersity shown with AFM images of porphyrin nanostructures 

illustrates the critical role of molecular structure for the self-assembly of cobaltacarborane 

porphyrins on surfaces. The conductive properties of cobaltacarborane porphyrins change 

according to the numbers and arrangement of substituents. It is critical to know the organization 

and arrangement of molecules on surfaces when modeling charge transport. We anticipate that 

well-defined defined arrangements of molecules and aggregates on surfaces will lead to accurate 

and reproducible local measurements of charge transport for different pathways through the 

molecules and provide insight on structure/property relationships. 
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CHAPTER 5: DIRECTED SURFACE ASSEMBLY OF DESIGNED 

PORPHYRINS USING PARTICLE LITHOGRAPHY WITH ORGANOTHIOL 

AND ORGANOSILANE SELF-ASSEMBLED MONOLAYERS 

 

5.1 Introduction 

 

There are few methods of positioning molecules on a nanometer scale that will facilitate 

functional electronic devices. Preparing nanosized test structures of porphyrins is not a trivial 

effort, since there are few lithographic tools available for controlling the size of molecular 

junctions with high precision. Combining particle lithography with steps of surface self-assembly 

is a practical approach for development of nanoscale test structures, to enable an accurate approach 

for measuring charge transport properties. Particularly for molecular systems such as porphyrins 

and phthalocyanines, self-aggregation causes spontaneous assembly of aggregates and clusters to 

form, rather than well-organized films or surface arrangements with uniform dimension. 

Porphyrins and metalloporphyrins are highly conjugated molecular systems that have interesting 

photophysical and electronic properties. The electronic and optical properties of porphyrins largely 

depend on the surface arrangement and orientation of the molecules. Advancement of molecular 

electronics will require the ability to achieve reliable and precise measurements of conductance 

and charge transport for nano-sized test structures. It is predicted that quantum effects in electronic 

conduction will be observed as the size of electronic devices approach molecular scales. A 

considerable challenge is posed for developing reliable and reproducible methods for 

measurements in nanosized systems, for scaling nanostructures to nanometer length scales, and for 

evaluating the effects of molecular structure on electrical properties. The goal for this chapter is to 

pioneer methods to controlling the sizes, shapes or nanostructures of porphyrins, and to assess the 

orientation of porphyrins on surfaces. Conceptually, by arranging and orienting porphyrins in well-
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defined arrangements, local measurements of charge transport can be enabled for different 

pathways through the molecules. Also, the resulting size-dependent properties can be evaluated 

with reliability and sensitivity. Accurate and precise electronic property measurements will shed 

insight on the fundamental mechanisms that give rise to properties such as resistance and 

rectification with changes in chemical structure. This chapter presents results applying particle 

lithography to create well-organized arrangements of porphyrins with uniform dimensions within 

a surface template of an n-alkanethiol or organosilane nanopatterns.  

5.1.1 Porphyrins and Metalloporphyrins as Materials for Molecular Electronics 

Porphyrins and related tetrapyrrolic compounds have useful properties for applications, 

due to unique physical,254-256 chemical,257-261 and spectroscopic properties.219, 262 Porphyrin rings 

are generally stable under strong acidic and basic conditions. The macrocycle of the porphyrin can 

undergo substitutions and reactions to alter the porphyrin properties. For example, the inner 

protons of the porphyrin macrocycle can be replaced by metal atoms and peripheral substitutions 

can be made to add ligands to the porphyrin macrocycle.263-264  Applications for porphyrins and 

related tetrapyrrolic compounds are reported in cancer therapies,237, 259 data storage,261, 265 and 

molecular sensors.255, 260, 265 Porphyrins and metalloporphyrins have also been applied for studies 

of energy and electron transfer238, 261 and catalysis.264 

The choice of focusing research efforts on model systems of porphyrins is based on the 

associated electrical, optical and chemical properties of this functional class of molecules. 

Porphyrin and metalloporphyrins are excellent materials for molecular electronics, due to the 

diverse structural motifs and associated electrical, optical and chemical properties, and thermal 

stability.214-219 At a basic level, electronic properties are controlled by the degree of π 

delocalization.220
 Porphyrins can be organized into supramolecular arrays, aggregates and crystals 

with diverse functions. The rigid planar structures and π- conjugated backbone of porphyrins 
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convey robust electrical characteristics. The architecture of porphyrins has been proposed as viable 

for electronic components for molecular-based information-storage devices,221-224
 gas sensors,225-

226
  photovoltaic cells,227-228

 organic light-emitting diodes,229-232
 and molecular wires.233-235

 

5.1.2 Particle Lithography 

Particle lithography, also called colloidal266 or nanosphere lithography267 is a method of 

creating ordered patterns of nanostructures on surfaces using the close-packed arrangement of 

mesoparticles as a surface mask or template.268-271 Particle lithography has been used to prepare 

nanopatterns of proteins,272-275 metals,276-277 polymers,278-279 nanoparticles,267, 280-281 and self-

assembled monolayers (SAMs).268-269, 282 Organosilanes and alkanethiols SAMs have been 

patterned with particle lithography to direct the subsequent deposition of proteins,283 

nanoparticles,280, 284 and polymers.278 Compared to other lithography methods such as electron 

beam lithography and photolithography, particle lithography offers a relatively inexpensive, high 

throughput approach to generate organosilane and organosulfur nanostructures on surfaces.  

Alkanethiol SAMs have been studied for applications ranging from molecular junctions to 

DNA detection.127, 166, 285  Particle lithography with n-alkanethiol SAMs has been accomplished 

on surfaces of noble and coinage metals.286 The high affinity of thiols to metal surfaces produces 

well-defined monolayer films on surfaces through a mechanism of molecular self-assembly.286-287 

Gold has been the standard substrate when studying thiol SAMs because it is an inert metal and is 

commonly used for electrochemistry, quartz crystal microbalance and ellipsometry 

measurements.288 

5.1.3 Patterning Porphyrins using Particle Lithography  

A cobaltacarborane porphyrin (Scheme 1) was used for nanolithography, by backfilling 

SAM nanopatterns. The cobaltacarborane porphyrin conjugates have previously been studied for 

potential use in photodynamic therapy (PDT) and boron neutron capture therapy (BNCT).236-237, 
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240, 259 The cobaltacarborane porphyrin conjugates were found to aggregate in HEPES buffer and 

undergo secondary aggregation. The formation and disruption of aggregates via sonication were 

accompanied by a color change.259 The electronic and magnetic properties of the cobaltacarborane 

porphyrin conjugates are currently being investigated.  

 

 

 

 

 

 

 

 

 

Scheme 5.1 Molecular structure of the disubstituted cobaltacarborane porphyrin conjugate. 

 

Particle lithography has been used to pattern organosilane SAMs on silicon substrates283, 

289 and also for patterning n-alkanethiol SAMs on gold surfaces.286 For this research, 

nanostructures of both types of SAMs were evaluated as surfaces templates for patterning 

porphyrins. Alkanethiol SAMs have been used in studies of charge transport and molecular 

conductance, which provides precedence for future studies with conductive probe AFM.127, 286, 290 

Dodecanethiol and octadecyltrichlorosilane (OTS) were chosen for patterning because the 

hydrophobic characteristics of a methyl-terminated SAM will provide a suitable resist.291-294  
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5.2 Experimental Methods 

5.2.1 Materials 

Gold substrates, Au(111)/mica, were purchased from Agilent Technologies, Inc. 

(Chandler, AZ).  Glass substrates were purchased from VWR International (Radnor, PA). Polished 

boron doped silicon substrates were purchased from Virginia Semiconductor (Fredericksburg, 

VA). Cobaltacarborane porphyrins were synthesized as previously reported.237 Epoxy for 

preparing template-stripped gold films was purchased from Epoxy Technology, Inc. (Billerica, 

MA). Silica mesospheres were acquired from Fiber Optic Center, Inc. (New Bedford, MA). Latex 

mesospheres were purchased from Thermo Scientific (Waltham, MA). Dodecanethiol was 

purchased from Sigma-Aldrich Co. (St. Louis, MO). Octadecyltrichlorosilane was purchased from 

Gelest Inc. (Morrisville, PA). 

5.2.2 Sample Preparation 

Template-stripped gold surfaces were prepared as reported in Hegner et al.295 Glass 

substrates were cleaned in piranha solution (3:1 v/v sulfuric acid to hydrogen peroxide) for 

approximately 30 min. The glass substrates were rinsed with deionized water and dried. Gold 

substrates were rinsed with deionized water and dried under a stream of argon. A drop of epoxy 

was placed on a glass cover slip and subsequently placed on the gold surface to create a 

mica/gold/glass “sandwich.” After annealing for 1 h at 150°C the gold was stripped off of the mica. 

Silicon substrates were cleaned using a Uv-ozone treatment for 30 min.  

5.2.3 Nanolithography Procedure 

Particle lithography combined with vapor deposition was accomplished using silica 

mesospheres. A drop of silica mesospheres was deposited on gold and dried in ambient conditions 

for 20 min. The sample was then placed in an oven at 150°C for 2 h. After annealing the silica 

mesospheres to the substrate, the sample was placed in a glass chamber with 400 µL of 0.1 M 
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dodecanethiol solution. The chamber was placed in an oven at 70°C for 6 h to enable vapor 

deposition of dodecanethiol. After the vapor deposition step, the sample was rinsed with deionized 

water and sonicated in deionized water for 18 min and rinsed again to create nanopatterns of 

dodecanethiol. Porphyrin solution (10-6 M in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

or HEPES buffer at 20 mM, pH 7.4) was subsequently deposited on the dodecanethiol nanopattern 

and dried in ambient conditions. For silicon substrates, latex mesospheres were used. A drop of 

latex mesospheres was deposited on the silicon and dried in ambient conditions for 20 min. The 

sample was then placed in an oven at 70°C overnight. After annealing the latex mesospheres to 

the substrate, the sample was placed in a plastic chamber with 300 µL of neat OTS. After vapor 

deposition, the sample was rinsed with ethanol and sonicated in ethanol for 45 min. The sample 

was then rinsed with deionized water followed by ethanol and sonicated again in ethanol for 45 

min.  

5.2.4 Atomic Force Microscopy (AFM) 

Since its development in the 1980s, scanning probe microscopy (SPM) has been vital for 

investigating surface phenomena and interactions.15, 197 The atomic force microscope (AFM) has 

been used to investigate nanoscale properties such as magnetism and conductance, as well as for 

measuring forces at the molecular level.4, 43, 296-299 The AFM can achieve resolution of up to 1 nm 

in the horizontal direction and 0.1 nm in the vertical direction. For studies with porphyrin 

nanostructures, the AFM was operated in contact and tapping mode to examine the placement of 

cobaltacarborane porphyrins within SAM nanostructures.  

Contact mode AFM experiments were accomplished in air with a model 5500 AFM/SPM 

from Agilent equipped with Picoview v1.10 software. Triangular cantilevers with a normal tip 

radius of 10 nm, tip height of 140-145 µm and a force constant of 0.05 N m-1 were used for contact 
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mode AFM, the tips were acquired from Bruker Corporation (Camarillo, CA). Tapping mode AFM 

experiments were done in air with aluminum reflex coated rectangular cantilevers with a pyramidal 

tip radius <10 nm, tip height of 12-16 µm, and a force constant of 48 N m-1 from VISTAprobes 

(Phoenix, AZ).  Image processing was done with Gwyddion v2.20 software.250  

5.3 Results and Discussion 

The function and efficiency of porphyrins in devices is largely attributable to how the 

molecules are organized on surfaces. Understanding the self-organization and assembly of 

porphyrins is critical for optimizing the function of these molecules in device applications. Equally 

important are accurate and sensitive measurements of I-V spectroscopy for systems of individual 

or small ensembles of candidate molecules. In this chapter, protocols were developed to prepare 

robust surface test platforms of cobaltacarborane porphyrins. Evaporative particle lithography was 

applied for high-throughput nanopatterning of porphyrins. Results will be presented for AFM 

characterizations of samples prepared after steps of evaporative particle lithography. 

5.3.1 Particle Lithography with Organosilane and Organothiol SAMs 

The general protocol used for particle lithography combined with vapor deposition that 

was developed for patterning porphyrins is outlined in Figure 5.1. A solution of silica or latex 

mesospheres (250 nm or 150 nm, respectively) was deposited on a prepared substrate (gold or 

silicon) and dried in ambient conditions (Figure 5.1A). As the solution of mesospheres dried, 

capillary forces pull the mesospheres together to self-assemble into a close-packed arrangement. 

After drying, the sample was exposed to a vapor of dodecanethiol or OTS. The vapor-phase 

molecules bind to the surface in uncovered areas between the silica mesospheres (Figure 5.1B). In 

the next step, the mask of mesospheres was rinsed away to leave a self-assembled monolayer with 

nanopores arranged in a hexagonal pattern (Figure 5.1C). An aliquot of cobaltacarborane 

porphyrin solution (10-6 M) was then deposited onto the nanopatterned surface. As the surrounding 
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buffer solution evaporated, the porphyrin crystals aggregated within the nanoholes in the SAM 

(Figure 5.1D). The methyl-terminated SAM serves as a resist to direct the deposition of porphyrins 

into nanopores.  

 
Figure 5.1 Process for patterning porphyrins using particle lithography combined with vapor 

deposition. (A) A surface film of silica or latex mesospheres was prepared as a template; (B) the 

organic molecules were deposited via vapor phase; (C) the mesosphere template was removed by 

rinsing steps; (D) porphyrin nanocrystals were deposited into nanopores. 

 

5.3.2 Nanopores of Dodecanethiol Produced by Vapor Deposition 

Most typically, organothiol SAMs are prepared using “beaker” chemistry, in which gold 

substrates are simply immersed into dilute thiol solutions. To evaluate the quality of a 

dodecanethiol SAM prepared by vapor deposition, a control sample was prepared without using a 

mask of mesospheres (Figure 5.2A). A comparison of the control sample and a sample prepared 

with a mask of mesospheres is presented side-by-side in Figure 5.2. The top row shows the results 

for a sample prepared without silica mesospheres; and the bottom row shows nanopores within the 
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SAM for a sample prepared after the mesosphere mask was removed. The topography (Figure 

5.2A) and corresponding lateral force image (Figure 5.2B) show 1×1 µm2 area of the dodecanethiol 

SAM. Angular step edges and terraces of the underlying Au(111) substrate are apparent, with a 

number of prominent pinhole defects.  

Figure 5.2 Vapor deposition of dodecanethiol onto gold. Dodecanethiol self-assembled 

monolayer formed on Au(111) prepared without a mask of mesospheres: (A) topography view; 

(B) corresponding lateral force image; (C) cursor profile of the green line in A. Nanopores within 

a dodecanethiol self-assembled monolayer on Au(111) produced with a mesosphere mask: (D) 

topography image; (E) simultaneously-acquired lateral force image; (F) cursor profile for the line 

in D. 

 

 

A representative line profile (Figure 5.2C) indicates the roughness of the substrate is less 

than 2 nm, at this magnification. The images in the bottom row show how the surface changes 

when a mask of mesospheres was used during vapor deposition. Nanopores are evident in the 

topography and corresponding lateral force images (Figures 5.2D and 5.2E). The height of the 

nanopores measures 1.7±1.1nm, which closely matches the expected theoretical height of a 
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dodecanethiol SAM. The spacing between the centers of the pores matches the 250 nm diameter 

of the mesospheres used for particle lithography. Interestingly, the shapes of the nanopores where 

the mesospheres were displaced are not perfectly round and symmetric. This can be attributed to 

imperfections of the surface, which is not perfectly flat. However, the sizes of the nanopores are 

exquisitely tiny and regularly spaced for depositing new molecules or nanocrystals.  

Further magnified views of the nanopores of dodecanethiol are shown in Figure 5.3. Unlike 

a typical SAM, the topography and lateral images reveal an arrangement of dark triangular 

nanopores scattered across the surface (Figures 5.3A, 5.3B). Prominent landmarks of step edges 

and terraces can be clearly resolved, with a few dark scars in the right corners. A zoom-in view 

reveals ~12 nanopores within a 1×1 µm2 area (Figure 5.3D). The height of the SAM measured 

~1.6 nm, shown in the cursor profiles, which closely matches the theoretical height of a 

Figure 5.3 Further AFM views of nanopores within a dodecanethiol SAM. (A) Wide area 

topography view of nanopores; (B) corresponding lateral force image; (C) cursor profile of the 
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line in A. Zoom-in views of nanopores: (D) topograph; (E) lateral force image; (F) cursor profile 

for the line in D. 

dodecanethiol SAM. The distance between the centers of the nanoholes corresponds to the 

diameter of the silica mesospheres used to create the pattern (250 nm). The periodicity of the 

patterns can be changed by choosing different sized mesospheres.268-269, 282 Analysis of the 

topography images indicates the surface coverage of uncovered gold within the areas of the 

nanopores measures 2.8 ± 0.7%. 

 

5.3.3 Nanostructures of Cobaltacarborane Porphryins within Nanopores of 

Dodecanethiol 

 Nanopatterns of cobaltacarborane porphyrins were successfully prepared within a matrix 

of dodecanethiol SAM nanopores using evaporative particle lithography (Figure 5.4). Unfilled 

nanopores of dodecanethiol are shown in the top row of Figure 5.4, and the bottom row shows the 

same sample after porphyrins were deposited in the nanopores. The periodicity of the nanopores 

measures 250 nm shown by the cursor profile of Figure 5.4C. Nanocrystals of cobaltacarborane 

porphyrins deposited into the thiol nanopatterns can be resolved in Figure 5.4D. The sizes and 

shapes of individual porphyrin aggregates deposited in the nanopores can be clearly resolved in 

Figure 5.4D and in the corresponding lateral force image (Figure 5.4E). The porphyrin aggregates 

have an average height of 7.7 ± 5.1 nm, including the depth of the nanopores. 

The hydrophobic nature of the methyl-terminated groups of the dodecanethiol SAM was 

used to direct the porphyrins to deposit within the nanopores. It is likely that nanocrystals of the 

porphyrin were already formed in the buffer solution, which leads to a polydisperse range of crystal 

sizes within the nanopores (Figures 5.4D-5.4E). However, there are also areas of very small 

deposits within the nanopores which can be used for size-dependent measurements of molecular 

conductance. There were still a few unfilled nanopores with porphyrin aggregates. The aggregates 

range in size, with an average height measuring 15 nm. However, the lateral force image (Figure 
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5.4E), can be used to aid in distinguishing the regions of the cobaltacarborane porphyrin and 

dodecanethiol. 

Figure 5.4 Nanopores within a dodecanethiol SAM before and after backfilling with 

cobaltacarborane porphyrin. Unfilled nanopores: (A) wide view topograph; (B) zoom-in 

topography view; (C) cursor profile for the line across two nanopores in B. After backfilling the 

sample with cobaltacarborane porphyrin: (D) topograph; (E) lateral force frame; (F) cursor 

profile for the line in D. 

 

5.3.4 Nanostructures of Cobaltacarborane Porphryins within Nanopores of 

OTS/Si(111) 

Organosilane nanostructures were produced on Si(111) by combining particle lithography 

with steps of vapor deposition with octadecyltrichlorosilane (OTS). Ring nanostructures of OTS 

viewed with tapping mode AFM images are shown in Figure 5.5A for an area spanning 8×8 µm2. 

The dense packing and periodic arrangement of nanostructures is apparent for broad areas of the 

surface, with regularly shaped ring geometries. Nanoscopic residues of water at the meniscus sites 
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surrounding the mesosphere masks influence the shapes of nanostructures produced by vapor 

deposition of organosilanes.269 Trace amounts of water are required to initiate the hydrolysis step 

of silanation, however if there is too much water present the molecules self-polymerize to form 

chains. At the base of the mesospheres there is sufficient water present to form multilayer 

nanostructures. The shapes of the sites of the OTS multilayers exhibit the ring shape of the water 

meniscus sites. The example line profile (Figure 5.5C) reveals the uniformity of the spacing and 

heights of the nanorings.  Approximately 296 nanorings are shown with a magnified view (3×3 

µm2) in the topography (Figure 5.5D) and corresponding phase image (Figure 5.5E). The center-

to-center spacing of the rings matches the size of the mesospheres (150 nm) used for patterning, 

as shown with a representative cursor profile (Figure 5.5F). The nanorings measure 7.4 ± 1.3 nm 

in height (average value) which corresponds to 3-4 layers of OTS.  

Figure 5.5 Nanostructures of octadecyltrichlorosilane on Si(111) produced by vapor deposition. 

(A) Wide view topograph of nanorings; (B) simultaneously-acquired phase image; (C) cursor 

profile of the line in A. (D) Zoom-in views of OTS nanorings; (E) phase image; (F) cursor profile 

for the line in D.  
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The OTS nanorings were used as a surface resist to direct the deposition of 

cobaltacarborane porphyrin (Figure 5.6). The locations of the porphyrin nanocrystals within the 

OTS nanorings can be detected in the topography (Figure 5.6A) and corresponding phase image 

(Figure 5.6B). The 2×2 µm2 zoom-in topography (Figure 5.6D) and corresponding phase images 

(Figure 5.6E). Although a few crystals are located on the edges of the OTS nanorings, mostly the 

 crystals appeared to deposit within the centers of the rings. Clusters of the porphyrin nanocrystals 

are well resolved in the phase images (Figures 5.6B and 5.6E), the shapes and arrangement of the 

porphyrins are not as clearly evident in the topography frames. The shapes and arrangements of 

nanocrystals within the OTS rings are well resolved with close-up views of the nanostructures 

shown in Figures 5.6D and 5.6E. Approximates 3-6 nanocrystals pack tightly within the OTS 

nanorings.  

Figure 5.6 Cobaltacarborane porphyrin nanocrystals patterned within OTS nanorings. (A) 

Topography and (B) corresponding phase image; (C) cursor profile for the line in A. (D) Zoom-

in topography view of nanocrystals; (E) phase image; (F) cursor profile for the line in D. 
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5.4 Conclusions and Future Prospectus 

Particle lithography combined with vapor deposition was used to create an array of 

nanopores within SAMs of dodecanethiol and octadecyltrichlorosilane. Using the hydrophobic 

characteristics of the SAM, aggregates of a cobaltacarborane porphyrins were directed to 

selectively fill the nanopores. The porphyrin nanocrystals deposited within the nanopores were 

visualized using contact mode AFM. Future directions for these experiments will be to characterize 

the nanostructures with conductive probe AFM, and evaluate the changes in charge transport for 

different size nanocrystals. These experiments will work best when using a conductive substrate 

such as gold. To incorporate designed supramolecular structures into devices requires deposition 

onto surfaces with retention of both structure and function. This remains a challenge and can 

present a significant barrier to developing molecular devices. It is critical to know the organization 

and arrangement of molecules on surfaces when modeling charge transport. Conceptually, by 

arranging and orienting porphyrins on well-defined surfaces, local surface measurements of charge 

transport can be enabled for different pathways through the molecules.  

A key objective for our scanning probe studies is to apply high-throughput nanoscale 

lithography to construct arrays of designed test structures with defined orientation. By using a 

combined approach with AFM imaging, nanolithography and conductive probe measurements 

with designed molecular platforms of selected porphyrins, we plan to tackle persistent questions 

about the role of intramolecular organization in electron transfer. It has been predicted that 

quantum effects in electronic conduction will be observed as the size of electronic devices 

approach molecular scales. Our strategy will be to arrange and orient designed porphyrins on well-

defined surfaces to enable local measurements of charge transport for different pathways through 
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the molecules, as well as to incorporate architectures of reference molecules of n-alkanethiol or 

organosilane SAMs to serve as an internal standard for calibration at the nanoscale. 
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CHAPTER 6: CONCLUSIONS AND FUTURE PROSPECTUS 

 

6.1 Conclusions 

The experimental results of this dissertation demonstrate the capabilities of scanning probe 

microscopy for characterizing samples and measuring properties at the nanoscale. The 

combination of high-resolution imaging with micro- and nanoscopic measurements is useful in the 

emerging field of molecular electronics. In this dissertation, atomic force microscopy (AFM) was 

used to characterize cobaltacarborane porphyrins as a model nanomaterial. Modes of AFM were 

used to characterize the properties of the porphyrins to evaluate the influence of designed 

molecular structures for measuring surface properties. Conductive-probe AFM was used to 

compare the conductive properties of cobaltacarborane porphyrins at the nanoscale. The 

arrangement of substituents and molecular symmetry were shown to affect surface self-assembly 

and conductive properties of cobaltacarborane nanocrystals. 

 The AFM can also be used to visualize the arrangement of molecules on surfaces, and 

experiments can be designed to evaluate surface changes with modifications of environmental 

parameters or chemical reactions. When operated in a liquid environment, adhesive meniscus 

forces that are present when operating in air are greatly reduced to enable capture of high resolution 

images. Steps of chemical reactions or electrochemistry can be monitored in situ for experiments 

in optically transparent liquids using time-lapse AFM. Nanofabrication can be accomplished using 

an AFM probe in liquid environments with protocols of nanografting and nanoshaving. Biological 

samples can be examined using liquid AFM in non-denaturing environments.  

A key objective for this dissertation was to apply approaches with high-throughput 

nanoscale lithography to construct arrays of designed test structures for molecular measurements 

with AFM. Using a combined approach with AFM imaging, nanolithography and particle 



69 

 

lithography combined with vapor deposition, nanopatterns were prepared of alkanethiols on gold 

substrates, and nanostructures of organosilanes on Si(111). The nanopatterns were used as a 

surface template to direct the deposition of nanocrystals of cobaltacarborane porphyrins into well-

defined surface sites. The hydrophobic characteristics of alkanethiols were used to prevent non-

specific attachment at methyl-terminated areas of the SAM, porphyrin crystals were selectively 

depositied to fill the nanopore areas of the substrate. The porphyrin nanocrystals deposited within 

the nanopores were visualized using contact mode and tapping-mode AFM.   

6.2 Future Prospectus 

Using AFM imaging, nanolithography and conductive probe measurements with designed 

molecular platforms of selected porphyrins, we plan to address questions about the role of 

intramolecular organization for conductive properties. As the size of electronic devices approach 

molecular scales, it has been predicted that quantum effects will be observed in electronic 

conduction. By nanopatterning porphyrins of selected designs into well-defined arrangements on 

surfaces we plan to obtain measurements of charge transport for different pathways through the 

molecules, and will integrate reference molecules of n-alkanethiol or organosilane SAMs to serve 

as an internal standard for calibration at the nanoscale. Current-voltage profiles of regular arranged 

porphyrin nanocrystals can be acquired using CP-AFM, to provide experimental measurements to 

form the basis of predictive models. Designing the size and structures of porphyrin nanocrystals 

will provide insight of how molecular structure affects molecular conductance.  

 Over time, electronic devices increase in temperature, particularly in real-world devices 

that are exposed to heated environments or sunlight. Candidate organic thin films and 

nanomaterials being tested for applications in molecular electronics need to be stable for a range 

of temperatures. Experiments with CP-AFM can be evaluated for temperature stability using CP-

AFM measurements with a heated sample stage. Porphyrin samples can be characterized at 
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successively higher temperatures and heating-cooling cycles using a heated AFM sample stage. 

The molecular changes of porphyrin nanocrystals that occur as the temperature changes can be 

characterized and visualized using AFM.  

Porphyrins have previously been studied as organic films incorporated in the designs of for 

dye-sensitized solar cells.260, 300-301 Imaging and measurements of photocurrents can be 

accomplished with AFM to evaluate the photoconductive properties of porphyrins. The operation 

of photocurrent AFM is similar to conductive probe AFM, however a sample bias is not applied 

for measuring photocurrents. Instead, an external light source generates charge flow in the 

molecule and the conductive AFM tip is used to map and records the generated photocurrents.  

Figure 6.1 Prototype polycarbonate sample stage used for measuring photocurrents with AFM. 

Samples will require a transparent substrate. 

 

We have begun to build and test a prototype sample stage for measurements of 

photocurrent (Figure 6.1). The stage can be constructed of glass, quartz or polycarbonate, and 

incorporates a fiber optic cable and focusing prism lens to focus light through the sample. Not only 

is the sample stage manufactured with transparent materials, the substrate also needs to be 

conductive and transparent. Indium-tin oxide (ITO) is a transparent conductive substrate that has 

been used previously for photocurrent measurements.302-303 Organosilanes SAMs have been 

prepared on ITO surfaces.304 In future planned experiments, particle lithography will be used to 
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pattern organosilane SAMs on surfaces of ITO for directing the arrangement of porphyrin 

nanocrystals for measurements with photocurrent AFM.  

6.3 Summary 

Advancement of molecule-based electronic systems will require the ability to achieve 

reliable and precise measurements of conductance and charge transport for nano-sized molecular 

test structures. A considerable challenge is posed for developing reliable and reproducible methods 

for nanoscale measurements with molecular systems, for scaling nanostructures to nanometer 

length scales, and for evaluating the effects of molecular structure on electrical properties. The 

function and efficiency of the molecules in devices is largely attributable to how the molecules are 

organized on surfaces. Understanding the self-organization and assembly of porphyrins is critical 

for optimizing the function of these molecules in device applications. Equally important are 

accurate and sensitive measurements of I-V spectroscopy for systems of individual or small 

ensembles of candidate molecules. Conceptually, by arranging and orienting molecules on well-

defined surfaces, local measurements of charge transport and photocurrents can be enabled for 

different pathways through the molecules. Also, the resulting size-dependent properties can be 

evaluated with reliability and sensitivity. Accurate and precise electronic property measurements 

will give insight on the fundamental mechanisms that give rise to properties such as resistance and 

rectification with changes in chemical structure towards the development of predictive theoretical 

models. 
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APPENDIX A 

 

 

Figure A1 Cobaltacarborane porphyrin compound 4 samples prepared on gold substrates imaged 

with contact-mode AFM. (A) Topography and (B) corresponding lateral force image obtained in 

air with a MikroMasch tip with a tip radius of less than 35 nm (C) Representative current-voltage 

profile for porphyrin nanocrystal obtained with conductive probe AFM using point contact 

current sweep; (D) zoom-in topograph and (E) corresponding lateral force image; (F) molecular 

structure for cobaltacarborane porphyrin compound 4.  
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Figure A2 Height distribution data acquired from topography images for cobaltacarborane 

porphyrin compound 4. (A) Topograph of porphyrin nanocrystals on gold acquired with contact 

mode AFM in air; (B) cursor profiles for corresponding lines in A. (C) Height distribution 

frequency of Co-Por 4 measured with cursor profiles (n = 100). 
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Figure A3 Cobaltacarborane porphyrin compound 5 sample drop-deposited on gold, dried in 

ambient conditions overnight, and imaged with conductive probe AFM in air. (A) Topography 

image and (B) corresponding lateral force image acquired with a MikroMasch tip (C) 

Representative current-voltage profile for porphyrin nanocrystal (D) zoom-in topograph and (E) 

corresponding lateral force image. (F) Molecular structure for cobaltacarborane porphyrin 

compound 5. 
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Figure A4 Height distribution data acquired from topography images for cobaltacarborane 

porphyrin conjugate 5. (A) Contact-mode AFM Topograph of porphyrin aggregates on gold; (B) 

cursor profiles for corresponding lines in (A); (C) Height frequency distribution of Co-Por 5 

measured with cursor profiles (n = 100). 
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APPENDIX B 

 

 

Figure B1 Current-voltage profiles of different size cobaltacarborane porphyrin compound 1 aggregates 

obtained with conductive-probe AFM in air using a conductively coated MikroMasch tip. 
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Figure B2 Current-voltage profiles of cobaltacarborane porphyrin compound 2 acquired with conductive 

probe AFM. 
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Figure B3 Current-voltage profiles of Co-Por 3 obtained using conductive probe AFM.  
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Figure B4 Overlay of current-voltage profile for (A) Co-Por 1 (B) Co-Por 2 and (C) Co-Por 3.
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