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Submolecular Resolution Spectroscopic Imaging  

for Photoactive Molecules and Assemblies 

 

by 

 

Shenkai Wang 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2019 

Professor Paul S. Weiss, Chair 

 

Characterizing photon absorption and excitation at the nanoscale is an important tool for 

optimizing and applying photoactive systems. Coupling laser irradiation and scanning tunneling 

microscopy (STM) enables the measurement of photo-generated carriers with submolecular 

precision. Here, we introduce a custom-built laser-assisted STM that employs evanescent 

illumination and functions at ambient conditions and room temperature. Laser beams (405 nm, 

633 nm, and 780 nm) are frequency modulated by a mechanical chopper wheel and incorporated 

into the tunneling junction through total internal reflection. Photo-induced changes in tunneling 

current are detected phase-sensitively by a lock-in amplifier and in-phase signal that is related to 

local photoelectron density is recorded at every pixel during the raster scans to generate maps of 
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photo-induced carriers. Non-absorbing n-dodecanethiolate (C12) self-assembled monolayers 

(SAMs) are used to test thermal effects and as negative controls for photoactive molecules.  

We measured photo-induced charge separation in isolated individual C60-tethered 

2,5-dithienylpyrrole triad (C60 triad) molecules with submolecular resolution under 405 nm laser 

illumination. Photo-induced charge separation was not detected for all C60 triad molecules, 

indicating that the conformations of the molecules may affect their excitation probability, lifetime, 

and/or charge distribution. Photo-induced signal was not observed for dodecanethiol molecules in 

the surrounding matrix nor for control molecules without C60 moieties, as neither absorbs incident 

photons at these energies. We also studied solution-deposited titanyl phthalocyanine (TiOPc) 

SAMs on Au{111} using the laser-assisted STM. We observed hexagonal and rectangular lattice 

structures in TiOPc SAMs that are different from previously reported self-assembled structures in 

ultra-high vacuum and more related to the crystal structures of TiOPc. The photo-responses of 

TiOPc SAMs were characterized with 633 nm and 780 nm laser illumination. The distributions of 

photoelectrons in hexagonal lattice matches with theoretical calculated charge density changes in 

TiOPc molecules upon excitation. However, the photo-responses of TiOPc molecules in 

rectangular lattices are different from those expected; TiOPc molecules in this arrangement may 

have low probabilities of activation by 633 nm and 780 nm light. Our results suggest that the photo 

carrier generation efficiency of TiOPc molecules is related to their packing arrangement in SAMs 

and local environment. 

In a study aiming to fabricate molecular level mixed p-n junctions in SAMs, we explored the 

reactivity of 1-decaboranethiolate SAMs and discovered that the reaction between 

1-decaboranethiolate and 4-phenyl-1-butyne (4p1b) results in highly ordered 4p1b SAMs. The 
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initially disordered 1-decaboranethiolate changed into ordered (√3×√3)R30° lattices on Au{111} 

typical of alkyne SAMs, indicating the complete substitution of 1-decaboranethiolate moieties, as 

determined by nanoscale imaging with scanning tunneling microscopy and X-ray photoelectron 

spectroscopy. Vibrational spectroscopy results indicate that the process happens gradually and that 

alkynyl groups are not totally oxidized in the ordered 4-phenyl-1-butyne monolayer. 

Our spectroscopic imaging method can elucidate the change of electronic structures of 

photoactive molecules and assemblies upon activation and spatially resolve it. By analyzing the 

photo-induced charge distributions in individual molecules and SAMs, we can elucidate the effects 

of molecular structure, intermolecular interactions, and local environment on the probabilities of 

photoactivation and energy conversion. Such information can guide the design of molecules and 

nanostructures for photovoltaics and the modification of processing route for devices for higher 

performance. 
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University Hong Kong), Dr. Tomáš Baše from The Czech Academy of Sciences, and Dr. J. Nathan 

Hohman from Lawrence Berkeley National Lab (now at the University of Connecticut). Their 

expertise in theoretical and synthetic chemistry allows me to extend the boundaries of my research 

and to fortify the conclusions we draw. 

I also want to thank all the members from the Weiss group for providing a motivative and 

cooperative research environment. I want to give special thanks to Dr. Naihao Chiang, Dr. Natcha 



xxiii 

 

Wattanatorn, Diana Yugay, Dominic P. Goronzy, Kris Barr, Logan Stewart, Thomas D. Young, 

and Kevin Cheung, for their help and support. The discussions we had and the thoughts we shared 

are invaluable for me to complete my graduate research. 

The instruments I used for my research were developed from the support of US Department of 

Energy (DE-SC-0005161). The analysis and image processing methods were developed under the 

support of W. M. Keck Foundation. I also want to thank UCLA and California NanoSystems 

Institute for providing facilities. 

Finally, I want to thank my family. It’s the love from my parents that supports me to overcome 

the difficulties and pursue my dream as a scientist. 

  



xxiv 

 

VITA 

Shenkai Wang obtained his Bachelor of Science degree in chemistry from Peking University in 

2010. While in Peking University, he did research in Prof. Kai Wu’s group focusing on the study 

of the self-assembly of organic semiconductors embedded in peptide frameworks. Shenkai joined 

Prof. Paul S. Weiss group as a graduate student in 2014. His research in the Weiss group focuses 

on the development of a laser-assisted scanning tunneling microscopy and the study of 

photo-responses of photoactive molecules and assemblies. 

  



xxv 

 

List of Selected Publications and Presentations 

Wang, S.; Goronzy, D.; Young, T.; Wattanatorn, N.; Stewart, L.; Baše, T.; Weiss, P. S., Formation 

of Highly Ordered Terminal Alkyne Self-Assembled Monolayers on Au{111} Surface through 

Substitution of 1-Decaboranethiolate.The Journal of Physical Chemistry C 2019, 123, 1348–1353. 

Wang, S.; Wattanatorn, N.; Chiang, N.; Zhao, Y.; Kim, M.; Ma, H.; Jen, A. K.-Y.; Weiss, P. S., 

Photo-Induced Charge Transfer in Single Molecule p-n Junctions. The Journal of Physical 

Chemistry Letters 2019, 10, 2175–2181. 

Wang, S.; Chiang, N.; Guo, H.; Wattanatorn, N.; Barr, K.; Alexandrova, A.; Weiss, P. S., 

Photoinduced Carrier Distribution in Titanyl Phthalocyanine Monolayers. Submitted. 

Wang, S.; Wattanatorn, N.; Chiang, N.; Weiss, P. S., Submolecular Resolution Spectroscopic 

Imaging for Photoactive Molecules and Assemblies. Fall ACS National Meeting, Boston, MA, 

August 2018.



1 

 

CHAPTER 1 

Detection of Single-Molecule Optical Response with Laser-Assisted Scanning Tunneling 

Microscopy 
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1.1 Introduction 

Understanding photon excitation and energy conversion at the nanoscale is critical for 

applications in many areas of science and technology, such as catalysis,1-4 spectroscopy,5 

plasmonics,6 and photovoltaics.7-11 Exploring photo-induced charge transfer at the molecular level 

can provide fundamental information needed for enhancing the efficiency of light harvesting and 

emission devices. At the same time, considerable effort has been directed toward the manipulation 

of the electronic structure and conformation of single molecules and nanostructures using 

electromagnetic waves. However, characterization of the interactions between light and matter at 

the single molecular level remains challenging since traditional optical methods are restricted by 

the diffraction limit of the light applied. In order to circumvent this limit, a variety of techniques 

based on scanning probe microscopy have been developed, including tip-enhanced Raman 

spectroscopy,5,12-16 break junction measurements,17-20 inelastic electron tunneling spectroscopy,21 

ultrafast optical excitation,22-24 photon emission from local excitation,11,25,26 and microwave 

polarizability mapping.27,28 However, most of the available approaches require ultrahigh vacuum 

and/or low temperature, which make these techniques time consuming, complicated, and of limited 

relevance to real systems. A technique that can characterize photoactive molecules under ambient 

conditions at room temperature can be more useful for optoelectronic research. 

Scanning tunneling microscopy (STM), and associated spectroscopic imaging methods, with 

atomic resolution, have been widely used to investigate electron transfer through single molecules 

and assemblies in metal-molecule-metal junctions.12,27,29-35 Incorporating laser irradiation into the 

tunneling junction further extends the ability of STM and enables us to probe photo-induced carrier 

dynamics at the nanoscale.24,36-53 However, direct illumination of the tunneling junction results in 
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thermal drift and thermal expansion, which interfere with the measured tunneling current changes 

caused by photoabsorption of molecules or nanostructures. In this chapter, I introduce our 

custom-built laser-assisted STM that functions under ambient conditions at room temperature 

while minimizing the effects of laser heating by evanescent field excitation. The characterization 

of photoactive molecules isolated in the defects of n-dodecanethiolate self-assembled monolayers 

(SAMs) or form assemblies by themselves on Au{111} will be introduced in subsequent chapters. 

1.2 Laser-Combined Scanning Tunneling Microscopy 

Scanning tunneling microscopy (STM) provides a way to study molecules and nanomaterials 

with atomic resolution in real time and space. For a small bias and constant current, a STM image 

corresponds to a map of constant local state density at the Fermi level,30,49,54,55 and is correlated 

with local morphology and atomic and/or molecular orbitals.56-61 Therefore, STM can track the 

changes of geometric and electronic structures of molecules and nanostructures upon perturbations 

and modulations (i.e., electric field) and provide valuable information that is inaccessible to 

ensemble measurements. Electromagnetic waves are among the most important and useful 

modulations that can be introduced into the tunneling junction. Measuring photon absorption of 

the molecular junction enables chemical identification with STM while the atomically resolved 

absorption map can provide fundamental insights that will not only facilitate theoretical studies 

but guide the engineering of the system as well. Techniques that measure the photo-response of 

molecules and nanomaterials in the tunneling junction optically and electronically will be 

introduced. 
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1.2.1 Optical Spectroscopy and Scanning Tunneling Microscopy 

Coupling optical spectroscopy with STM can greatly enhance the sensitivity and spatial 

resolution of spectroscopic imaging, since the geometry of the metal STM tip allows it to provide 

significant field enhancement and coupling between electromagnetic near-field and far-field 

radiation.11 One technique developed based on this principle is scanning near-field optical 

microscopy (SNOM).48,62-64 For this technique, a metal-coated glass fiber with a submicrometer 

aperture at its end is generally used to guide the light to illuminate the surface. The interaction 

between light and the object can be detected by radiated light or reflected light going back through 

the fiber, and the diffraction limit can be overcome by near-field probing with the subwavelength 

aperture. In some cases, a nanometer-sized optical antenna is attached to the aperture for better 

resolution.65  

Another technique that uses STM to facilitate optical spectroscopy is tip-enhanced Raman 

spectroscopy (TERS).5,66 As a powerful variant of surface-enhanced Raman spectroscopy (SERS), 

TERS can be applied to a wide range of systems. For TERS, a laser can be focused on the apex of 

the metal STM tip and Raman spectra can be collected at every pixel during raster scans of the 

surface. The geometry and the plasmonic modes of the metal tip can provide pronounced field 

enhancement. Maps featuring different vibrational modes can be generated by registering the 

integrated intensity of a TERS peak at every pixel.5,66 By correlating the vibrational maps with 

topographic data, information on the vibrational activity within molecules can be visualized in real 

space. This technique has been applied to a variety of systems such as biomolecules,67-69 carbon 

nanomaterials,70-73 and photoactive molecules used for photovoltaics or optoelectronics.74-76 
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1.2.2 Electrical Detection of Photon Absorption by Scanning Tunneling Microscopy 

Photo-induced geometric and/or electronic structural changes of molecules or nanomaterials in 

a STM junction will result in changes in the tunneling current. For techniques that measure such 

tunneling current changes, the lasers applied are normally frequency modulated and phase-locked, 

so that a lock-in amplifier can be used to detect the laser-induced tunneling current 

changes,45,49,50,53,77 as such changes make only small contributions to the total current. With such 

techniques, photo-induced carrier distribution across the surface can be spatially resolved with 

nanometer-scale resolution. Important photoactive systems such as carbon nanotubes,45,50,78 

quantum dots,52,77,79 gold nanostructures,80 semiconductor devices,81-83 and single molecule p-n 

junctions53 have been characterized with such experimental approaches. The distribution of 

photo-induced carriers being visualized in these studies illustrates the charge distribution changes 

in these systems upon activation and the effect of local environments on the charge generation 

efficiencies, which cannot be acquired by traditional spectroscopic methods. Detailed information 

provided by these experiments can be used as a guidance for designing more efficient photoactive 

systems and for fabricating single-molecule devices. 

Absorption of single photons in STM molecular junctions can be measured by the application 

of ultrafast lasers.22,42 The generation of hot electrons charging a molecule within the tunneling 

junction has been observed by one- and two-photon excitation.24 As an advanced variant of this 

method, two laser pulses (pump and probe) that are separated by a variable delay time can be 

generated and applied to study the dynamics of the photo carriers.51  

Laser illumination of the tunneling junction can cause thermal expansion,22,84-88 which decreases 

the distance between the STM tip and substrate and increases the tunneling current during the 
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delay time of the feedback loop circuit. Therefore, most of laser-combined STM techniques that 

detect photon absorption electrically introduce laser illumination into the tunneling junction 

through total internal reflection to minimize the thermal effect.  

1.3 Self-Assembled Monolayers 

Self-assembled monolayers (SAMs) have been intensively studied because of their well-defined 

and modular structures and chemical properties that provide functionalized surfaces for scientific 

studies and technological exploration and application.89-95 With rational design of molecules in 

SAMs, we control the physical and chemical properties of the surface and use bottom-up 

approaches to fabricate nanostructures and devices.96-100  

The most extensively studied class of SAMs is derived from the adsorption of alkanethiols on 

metal surfaces. The high affinity of thiols for the surfaces of noble and coinage metals makes it 

possible to generate well-defined organic surfaces with useful and highly alterable chemical 

functionalities displayed at the exposed interface.99-101 Other anchor groups have also been studied 

but are less commonly used since they typically result in weaker bonds and disordered SAMs.102-106 

Meanwhile, physically adsorbed SAMs of organic or organometallic molecules on metals or highly 

oriented pyrolytic graphite (HOPG) surfaces also received significant attention.107,108 The 

arrangements of molecules in these SAMs can be different from that in their crystals,109 but they 

resemble the molecular arrangements at the electrode interfaces in thin film electronic devices. 

Therefore, these SAMs can serve as model systems to study electron transfer at electrode interfaces 

and potentially guide the fabrication process to achieve higher device efficiency.110,111 
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1.3.1 Defects in Self-Assembled Monolayers of Thiols on Gold 

Self-assembled monolayers formed by thiol molecules on Au surfaces are air-stable, highly 

ordered, and can be easily fabricated, which makes them ideal candidates for surface modification 

and surface research under ambient conditions.99-101,112 The chemical and steric structures of thiol 

molecules can affect their conformations in SAMs and result in defects of different types and 

densities.98,113,114 The density of defects can also be controlled by the fabrication processes and 

subsequent treatment of the SAMs.115 Such defects have been thoroughly explored by STM and 

widely used to isolate functional molecules so that they can be studied individually under ambient 

conditions at room temperature.27,34,47,113,116-119 The thiol molecules used as the matrices can 

provide well defined restrictive environments while acting as negative controls for observing the 

behavior of target molecules. Furthermore, the local environments in the defects is related to the 

arrangements of neighboring molecules and can affect the properties of the functional molecules 

inserted. For example, it has been shown that the switching rate of oligo(phenylene ethynylene) 

(OPE) molecules depends on the tightness of the defects into which they are inserted, indicating 

that some extent of molecular motion is a critical part of the switching.113,120 The switching of OPE 

molecules can be visualized in STM topographic images as apparent height changes compared to 

neighboring thiol matrix molecules.121 

1.3.2 Photoactive Molecules in Well-Defined Nanoscale Environments 

Self-assembled monolayers of alkanethiols provide a viable way to isolate photoactive 

molecules and to measure and to control their photo-responses at the single-molecule level under 

ambient conditions and at room temperature.114 For example, azobenzene-functionalized 

molecules with non-conductive, saturated tethers have been inserted and isolated in 
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1-decanthiolate SAMs and the photoisomerization of the azobenzene group has been studied by 

STM118 and SERS122 with ultraviolet (UV) and visible light illumination. It has been shown that 

the photoisomerization of the azobenzene groups from trans to cis conformation was triggered by 

UV light illumination (365 nm) and could revert back via thermal relaxation or under visible light 

illumination (450 nm). 

As a potential precursor for organic photovoltaic molecules, 9-(4-mercapto-phenylethynyl) 

anthracene (MPEA) molecules have been inserted in n-dodecanethiolate SAMs and studied with 

laser-combined STM.123 The apparent height of MPEA molecules increased compared to the 

surrounding matrices under 365 nm light illumination. Since the restrictive environment in 

n-dodecanethiol SAMs limits the changes in the geometry of MPEA molecules, the increased 

apparent height can be attributed to the changes of the intrinsic conductance of MPEA molecules 

under light activation.  

Regioselective reactions between neighboring MPEA molecules have also been observed in the 

defects in n-dodecanethiol SAMs.47 Symmetric disulfide derivatives of MPEA were used to ensure 

close contact of neighboring molecules with upright configuration in the defects. 

Non-centrosymmetric [4 + 4] photocycloaddition reaction, which is not favored in solution, has 

been observed between adjacent surface bound MPEA molecules. Since the product molecules 

have lower conductance than MPEA, the decreased apparent height of protrusions were used as 

indications of the reaction. 

1.4 Custom-Built Laser-Assisted Scanning Tunneling Microscope 

In this section, I introduce our custom-built laser-assisted STM (Figure 1.1) that characterizes 

photo-induced carrier distributions with submolecular resolution under ambient conditions at room 
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temperature. We adopt the Kretschmann-Raether geometry and introduce evanescent illumination 

of the tunneling junction through total internal reflection. Such a configuration has been described 

by Scherer, Lyding, and other groups.38,40-42,45 Thin Au{111} films deposited on c-cut sapphire 

prism surfaces are used as substrates. Frequency modulated p-polarized 405 nm, 633 nm, and 

780 nm lasers are used as the light sources, and phase-sensitive measurements of the tunneling 

current are performed using a lock-in amplifier. We used n-dodecanethiolate SAMs to test the 

effect of thermal expansion, and the detection of thermal expansion is used to as an indicator for 

proper laser alignment and power.  

1.4.1 System Design 

Photographs of our custom-built laser-assisted STM are shown in Figure 1.2 to 1.5. The acoustic 

enclosure (Herzan LLC, NanoVault, Figure 1.2) housing the STM scanner is bolted to an optical 

table (Newport SmartTable®) with pneumatic legs and active damping cancellation, which is used 

for isolating floor vibrations and laser alignment. All cables passing through the wall of the 

acoustic chamber are tightly clamped with foam. The STM is placed on a vibration isolation 

platform (Minus K Technology Inc., 100BM) that has 1.5 Hz horizontal and 0.5 Hz vertical natural 

frequencies. The STM scanner is a cylindrical piezoelectric tube (EBL Products Inc.) mounted on 

two sets of approach micro sliders (Omicron MS-5, 40-400 nm movement per step in 5 mm 

distance). Four divided quadrants are used for raster scan while an inner electrode controls the 

distance between tip and sample. The lower micro slider (Micro Slider 2, see Figure 1.3) is used 

to move the tip parallel to the substrate surface plane in ~5 mm range. The upper micro slider 

(Micro Slider 1, see Figure 1.3) is used to bring the tip close to the surface stepwise until a 

tunneling current can be detected, or away from the surface without crashing the tip into the 
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surface. The Pt/Ir 80:20 tip wire with 250 μm diameter was supplied by Goodfellow Cambridge 

and was freshly cut before use. A Faraday cage is used to cover the STM to minimize 

electromagnetic noise. The tunneling current is detected using preamplifier (RHK Technology, 

Inc., Stage I: IVP-300, 109 V/A gain and Stage II: IVP-PGA, ×10 gain selected) configured to 

1010 V/A gain and 5 kHz bandwidth. Data collection and control electronics are custom built with 

National Instrument PXI systems and described in previous publications.124  

We use c-cut sapphire prism-supported metal films as substrates. The sample holder for the 

substrates is custom-built with stainless steel and is shown in Figure 1.4. The prism is fixed in 

position by screwing a cap with a hole in the center. The gold foil on the cap makes direct contact 

with the top surface of the sample and provides electrical contact to the current preamplifier via a 

gold spring. To prevent the spring from being shorted with electrically grounded sample holder, 

the stainless steel surface surrounding the spring is insulated with nail polish. The slit at the rear 

of the sample holder offers passage to incident and reflected laser beams. 

Laser beams are transmitted through a broadband window on the wall of the acoustic enclosure 

and focused onto the Au/sapphire interface by a converging lens (focal length = 75 mm). The 

alignment of the focusing lens in the XYZ directions is accomplished by a stepper motor actuator 

(Newport Corporation, TRA25PPD). We have installed a motorized continuous rotation stage 

(Thorlabs Inc., CR1Z7) to align the lens focal plane perpendicular to the propagation direction of 

the incident beam. The light incident angle at Au/sapphire interface can be varied through the 

rotating stage (Newport Corporation, RV160PE-F) holding the STM scanner and sample holder. 

The relative position between the STM tip and the illumination spot can be visualized through a 
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digital camera (Thorlabs Inc., DCU223C) that has XYZ motion controlled by motorized 

translation stages (Newport Corporation, ILS200CC and Thorlabs Inc., MTS Series). 

1.4.2 Sapphire Prism Supported Au{111} Surface 

Thin (40 nm), flat (roughness 0.3-1 nm) epitaxial Au{111} films are deposited on c-cut sapphire 

cylindrical prisms. Half-cylindrical sapphire prisms (1 cm × 1 cm, 1 cm diameter) with 

epi-polished c-cut planes, Al2O3(0001) were purchased from Meller Optics (Providence, RI). 

These substrates were annealed in air at 1100 ℃ and 1400 ℃ for 24 h and 18 h, respectively, in 

consecutive cycles. Thin Au{111} films were grown on c-cut plane sapphire prisms with a Nb 

seed layer.125 The annealed sapphire substrates were introduced to the ultrahigh vacuum evaporator 

chamber with a base pressure in the 10-10 mbar range, and were outgassed for 1 h at 150 ℃ to 

remove adsorbed water. A 2-nm-thick Nb seed layer was evaporated at a rate of 0.15 Å/s at room 

temperature.126 The pressure increased to ~5 × 10-9 mbar during evaporation. Room temperature 

deposition favors the Nb{110} orientation over Nb{111}, while elevated temperatures (over 

800 ℃) yield Nb{111}.127 The orientation of Au{111} is parallel to Nb{110} with the epitaxial 

relationship as follows:126,128,129 𝐴𝑢(111)[01̅1]‖𝑁𝑏{111}[001]‖𝐴𝑙2𝑂3/0001/[101̅0]. Thin Au 

films (45 nm) were then deposited at a substrate temperature of 300 ℃ and an evaporation rate of 

0.50 Å/s. The surface temperature should not exceed 300 ℃, to avoid inter-diffusion and 

intermetallic compounds (primarily AuNb3 and Au2Nb3) that occur above 325 ℃.130 

1.4.3 Laser Alignment and Phase-Sensitive Detection 

Laser beams (p-polarized, 405 nm, Coherent Inc. CUBE diode laser, 633 nm, Melles Griot Inc. 

He/Ne laser, 780 nm, MTO Laser Inc. diode laser) are aligned to illuminate the same spot using 

Thorlabs optical elements (Figure 1.5). The power of the 405 nm laser can be controlled by 
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computer. The power of 633 nm and 780 nm lasers can be adjusted manually through an 

attenuator. A polarizer is used to ensure that the lasers are p-polarized. The lasers are modulated 

by a mechanical chopper wheel (Thorlabs Inc., MC1F60) to create a reference frequency input for 

the lock-in amplifier (Stanford Research Systems Inc., Model SR850), so that light-triggered 

changes in the tunneling current can be recorded phase sensitively. To ensure that the lasers are 

illuminating the raster scan area, the position of the tip is adjusted horizontally through Micro 

Slider 2 and vertically through the height of the vibration isolation platform under the monitor of 

the digital camera. Images of the STM tip under the illumination of the lasers are recorded by a 

digital camera and are shown in Figure 1.6. The incident angle we use for our experiments is 36°, 

as it is the total internal reflection angle for sapphire/Au interface for the three lasers we use. The 

electric field intensity distribution at the sapphire/Au/air interface for 405 nm light has been 

simulated previously,123 which suggests that when the incident angle is 36°, total internal reflection 

is achieved and the evanescent field is strong enough to penetrate the 40 nm gold layer. We also 

measured the reflection coefficient of sapphire/Au interface for p-polarized 633 nm and 780 nm 

lasers and s-polarized 633 nm laser at different incident angles (Figure 1.7a). From Figure 1.7a, 

we see that for p-polarized 633 nm and 780 nm lasers, the minimum reflection coefficients at 

sapphire/Au interface are reached at ~36°. For an s-polarized 633 nm laser, there is not a significant 

change in the reflection coefficient, indicating that s-polarized lasers do not generate evanescent 

fields at sapphire/Au interfaces. Considering that errors in the incident angle can be introduced by 

the vibration isolation platform, we adjust the rotation stage over small ranges (± 0.5°) around 36° 

to reach total internal reflection each time we start a new experiment. A white paper behind the 
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STM scanner is used to observe the reflection spot and determine when the smallest reflection 

coefficient is reached. 

Vapor-deposited n-dodecanethiolate (C12) SAMs on sapphire-prism supported Au{111} 

substrates are used to test the thermal effect of the lasers since C12 does not absorb visible light. 

Data collected under 633 nm laser illumination and a reference frequency of 4.8 kHz are shown in 

Figure 1.7b, as an example. Phase-sensitive signals caused by thermal expansion are observed. We 

can see that when the surface is under illumination, the in-phase lock-in signal increases when the 

sample bias is positive and decreases when the sample bias is negative. This change is because the 

polarity of the tunneling current corresponds to sample bias, so the phase shift of the thermal 

expansion induced tunneling current oscillation changes 180° when the polarity of the sample bias 

is flipped. Such thermal-expansion induced phase-sensitive signal can be used as an indicator for 

proper STM tip illumination and small adjustments in the relative position between the tip and 

illumination spot are made to maximize the thermal expansion signal before each experiment. 

However, the height of the vibration isolation platform and the tilt angle of the tip relative to the 

surface can vary for different samples and tips, so the thermal expansion signal intensity is not 

directly comparable between different experiments. We adjust the reference phase shift of the 

lock-in amplifier so that the phase shift of the thermal expansion signal is 0° for positive sample 

bias and 180° for negative sample bias. In this case, the intensity of the in-phase signal is 

maximized and we should not detect any quadrature signal. During the raster scan of the surface, 

we collect tip height information and in-phase lock-in signals simultaneously and generate 

topographic and spectroscopic images. In this way, the distribution of photo-induced carriers can 

be spatially resolved with submolecular resolution. The distribution of thermal expansion induced 
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in-phase signals were tested with C12 SAMs under 633 nm illumination and the results are shown 

in Figure 1.8. Figure 1.8a,b are simultaneously collected topographic and spectroscopic images at 

–1 V sample bias while Figure 1.8c,d are simultaneously collected topographic and spectroscopic 

images of C12 SAM at +1 V sample bias. The frequency of the chopper wheel was set as 5.0 kHz 

but there can be small fluctuations around the set point. Since the control system of our STM 

cannot obtain current signals at frequencies higher than 5.0 kHz, when the real frequency of the 

chopper is above 5.0 kHz, there is no thermal expansion-induced in-phase signal registered in the 

spectroscopic image. In Figure 1.8b,d, there are periodic regions showing the intrinsic noise of the 

lock-in amplifier. However, such unexpected data provide a convenient way to compare 

photo-induced signal and intrinsic noise. By comparing the highlighted hexagon regions in 

Figure 1.8, we can see that in our experimental setup, when the sample bias is negative, the thermal 

effect of the tunneling junction results in more negative in-phase signals corresponding to C12 

molecules. When the sample bias is positive, the thermal effect results in more positive in-phase 

signals corresponding to C12 molecules. Such results can be used to determine whether the 

in-phase signals we collect for other systems are caused by thermal effects or photo-induced charge 

transfer. For systems in which thermal effect and photo-induced electrons are difficult to 

differentiate, it is advised that the same region should be characterized under both positive and 

negative bias. In the corresponding spectroscopic images, photo-induced electrons should 

correspond to more negative in-phase signals and photo-induced holes should correspond to more 

positive signals regardless of the polarity of the bias, while thermal expansion-induced in-phase 

signals should be negative at negative sample bias and positive at positive sample bias. 
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1.5 Dissertation Overview 

This dissertation is organized as follows. Chapter 1 has discussed laser-augmented STM 

techniques and introduced our custom-built laser-assisted STM. Chapter 2 will demonstrate the 

characterization of photo-induced charge distribution in single molecule p-n junctions isolated in 

C12 SAMs. In Chapter 3, we will show two different lattice structures in solution deposited titanyl 

phthalocyanine (TiOPc) SAMs and their different photo-responses to 405 nm, 633 nm, and 

780 nm lasers. In Chapter 4, we will describe the displacement process of 1-decaboranethiolate 

SAMs by 4-phenyl-1-butyane molecules on Au{111}. Conclusion and other systems that can be 

potentially characterized by our laser-assisted STM will be included in Chapter 5. 

Chapter 2 has been reformatted from the manuscript: 

Wang, S.; Wattanatorn, N.; Chiang, N.; Zhao, Y.; Kim, M.; Ma, H.; Jen, A. K. Y.; Weiss, P. S. 

Photoinduced Charge Transfer in Single-Molecule p–n Junctions. J. Phys. Chem. Lett. 2019, 10, 

2175–2181. 

Chapter 3 has been reformatted from a manuscript in preparation:  

Wang, S.; Chiang, N.; Guo, H.; Wattanatorn, N.; Barr, K.; Alexandrova, A.; Weiss, P. S., 

Photoinduced Carrier Distribution in Titanyl Phthalocyanine Monolayers. Submitted. 

Chapter 4 has been reformatted from the manuscript: 

Wang, S.; Goronzy, D. P.; Young, T. D.; Wattanatorn, N.; Stewart, L.; Baše, T.; Weiss, P. S. 

Formation of Highly Ordered Terminal Alkyne Self-Assembled Monolayers on the Au{111} 

Surface through Substitution of 1-Decaboranethiolate. J. Phys. Chem. C 2019, 123, 1348-1353.  
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Figure 1.1. Scheme illustration of the experimental setup for laser-assisted scanning tunneling 

microscopy. 
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Figure 1.2. Photograph of the acoustic enclosure. The scanning tunneling microscope (STM) 

scanner (1) is bolted on a rotation stage (2) that is used to change incident angle of lasers. The 

lasers are focused through a converging lens (3) that is controlled by stepper motor actuator. A 

digital camera (4) is used to monitor the relative position of the STM tip and the illumination spot. 

Tunneling current is detected through a preamplifier (5). A vibration isolation platform (6) is used 

to minimize vibrational noise. 
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Figure 1.3. Photograph of the scanning tunneling microscope (STM) scanner. The raster scan is 

controlled by a piezoelectric tube (1). A gold spring (2) is used to provide electrical connect 

between the sample and the preamplifier. Micro slider 1 (3) and micro slider 2 (4) are used to 

provide primary control of the relative position between the tip and the substrate. A Faraday cage 

is used to minimize electromagnetic noise. 
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Figure 1.4. Photograph of the sample holder. The sample holder (1) is made for sapphire-prism 

supported metal film substrates (2). A cap (3) is used to hold the sample still. Gold foil (4) is used 

to provide electrical connect between the surface and the cap. 
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Figure 1.5. Photograph of the laser table. We use 780 nm (1), 633 nm (2), and 405 nm (3) lasers 

for our experiments. A shutter (4) is used to control the illumination of the sample. Lasers are 

frequency modulated by a chopper wheel (5). A polarizer (6) is used to ensure polarization of 

780 nm and 633 nm lasers. The power of the 405 nm laser can be adjusted through computer 

program, while the power of 780 nm and 633 nm lasers can be adjusted manually using an 

attenuator (7). The chopper wheel is controlled by controller 8. The shutter is controlled by a 

computer program through adaptor 9. The 633 nm laser is controlled by power switch 10. 
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Figure 1.6. Photograph taken with a digital camera, showing the relative position between the 

scanning tunneling microscope probe tip and (a) 405 nm, (b) 633 nm, and (c) 780 nm laser 

illuminations spot. We use 36° as the incident angle for all three lasers. 
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Figure 1.7. (a) Reflection coefficient of p-polarized 633 nm and 780 nm lasers and s-polarized 

633 nm laser at the sapphire/Au interface at different incident angles. (b) Time track of in-phase 

lock-in signal collected under modulated evanescent illumination of p-polarized 633 nm laser 

(modulation frequency 4.8 kHz). The sample bias changed from +1.00 V to –1.00 V at time = 20 s. 
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Figure 1.8. Scanning tunneling microscopy images showing n-dodecanethiol self-assembled 

monolayers under evanescent 633 nm laser illumination. (a) Topographic and (b) spectroscopic 

images were simultaneously obtained at a sample bias of –1.00 V and a tunneling current of 

12.0 pA. The green hexagon highlights the same relative region. (c) Topographic and (d) 

spectroscopic images were simultaneously obtained at a sample bias of +1.00 V and a tunneling 

current of 12.0 pA. The blue hexagon highlights the same relative region. 
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CHAPTER 2 

Photo-Induced Charge Transfer in Single Molecule p-n Junctions 

(Adapted From: Wang, S.; Wattanatorn, N.; Chiang, N.; Zhao, Y.; Kim, M.; Ma, H.; Jen, A. K. 

Y.; Weiss, P. S. Photoinduced Charge Transfer in Single-Molecule p–n Junctions. J. Phys. 

Chem. Lett. 2019, 10, 2175–2181.)
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2.1 Introduction 

Fullerenes and their derivatives are promising components of photovoltaics due to their high 

degree of π-electron delocalization.1-3 A number of molecular dyads, triads, and tetrads of 

fullerenes covalently linked to electron donors, such as porphyrins, phthalocyanines, 

tetrathiafulvalenes, ferrocenes, and other moieties, have been synthesized and intensively 

studied.4-7 These fullerene donor-linked compounds exhibit excellent photovoltaic efficiencies 

upon illumination.8-10 Furthermore, enhancements of nonlinear optical responses were observed 

for fullerene dyads compared to those of pristine fullerenes.6,7 C60-tethered 

2,5-dithienylpyrrole triad (C60 triad, Figure 2.1a) has C60 groups attached to both ends of an 

electron-rich chromophore and a rigid backbone provides a stable and conducting tether.9 This 

donor-acceptor triad structure makes light harvesting more efficient, resulting in large 

photocurrents, as observed in photoelectrochemical cells. Here, we used our custom-built 

laser-assisted STM (photon STM)11 to measure photoinduced charge generation and separation in 

single-molecule triads isolated in n-dodecanethiolate self-assembled monolayers under ambient 

conditions. Built-in control experiments test that the observed signals are due to photoconductance. 

These controls include measuring the photoconductance of the (non-absorbing) matrix and 

“dummy” inserted chromophores with similar chemical structures but no significant absorption 

spectra at the excitation wavelength. In this way, we consistently test for the thermal effects of 

sample and STM tip heating (without changing samples11), either or both of which could affect the 

tunneling current and spectra. With the submolecular resolution of STM, we can detect local 

spectral changes rather than integrating over large areas. Thus, we are able to elucidate the effects 
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of the local environment and ultimately target optimized supramolecular assemblies that maximize 

photon absorption and energy conversion efficiency. 

2.2 Experimental Methods 

We used vapor-deposited n-dodecanethiolate (C12) self-assembled monolayers (SAMs) on 

sapphire-prism-supported Au{111} as the two-dimensional matrix, and inserted photoactive 

molecules into the defects in C12 SAMs so that they can be studied at the single molecular 

level.12,13 The C60-tethered 2,5-dithienylpyrrole triads (C60 triads, Figure 2.1a) and the control 

molecules without the C60 moieties (DTP, Figure 2.1b) were synthesized following previously 

reported procedures9 and were inserted into the defects in C12 SAMs through solution 

deposition.14,15 

2.2.1 Preparation of n-Dodecanethiolate Self-Assembled Monolayer Matrices 

Freshly flame-annealed Au{111}/Al2O3(0001) substrates were placed in the airspace in a vial 

over gravimetrically prepared 1 mM n-dodecanethiol (Sigma Aldrich, St. Louis, MO) ethanolic 

solution for 3 h at 78 ℃. Substrates were then rinsed thoroughly with ethanol and were blown dry 

using nitrogen. 

2.2.2 Insertion of C60-tethered 2,5-dithienylpxyrrole triads (C60 triads) and control molecules 

without C60 (DTP) into n-dodecanethiolate self-assembled monolayer matrices.  

With ultrasonication to speed up the dissolution, the solution of 2,5-dithienylpyrrole with 

conjugated tether (DTP, 0.05 mM, 10 mL) in toluene (HPLC purity) was prepared and purged with 

dry nitrogen. Ammonium hydroxide (28.0-30.0% NH3, 5 μL) was added to 1 mL of the solution. 

The aqueous ammonia hydrolyzed the thioacetyl protecting group, generating the thiolate in situ. 

After 2 min ultrasonication to mix ammonium hydroxide with toluene solution, the mixture was 
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let stand for 30 min for deprotection before use. Monolayers with DTP inserted were prepared by 

submerging the gold substrate with vapor-deposited dodecanethiol SAM matrix into solution of 

deprotected DTP molecules overnight at room temperature. The solution of C60 triad (0.05 mM, 

10 mL) in toluene (HPLC purity) was ultrasonicated and bubbled with dry nitrogen. The partial 

solution (2 mL) were transferred into a vial and diluted with 0.25 mL of ethanol to ease the 

dissolution of ammonium hydroxide. Two doses of ammonium hydroxide (28.0-30.0% NH3, 

25 μL) were added with 3 min sonication in between. After the solution was stirred for 0.5 h, the 

Au substrates were immersed into the solution for 24 h, followed by rinsing with toluene and 

ethanol, and drying with a nitrogen stream. The color of the solution turning to light brown 

indicates that the acetate protecting group has been removed. 

2.3 Results and Discussion 

2.3.1 Photo-Response of the C60 Triad 

Consecutively obtained topographic images of the same region and simultaneously acquired 

spectroscopic images are shown in Figure 2.2. The chopper wheel was turned on throughout the 

data collection process to ensure that all phase-sensitive signals were acquired with the same 

reference frequency of 4.8 kHz. The laser illumination was blocked for Figure 2.2a,b and was on 

for Figure 2.2c-f. The lattice structures in Figure 2.2a,c,e reflect the C12 matrix molecules and the 

protrusions represent C60 moieties in C60 triad molecules. Each C60 triad molecule has two C60 

groups, but they are not symmetrically arranged because of the conformations of the molecules 

(even though the molecules are topologically symmetric), so that in each molecule, one of C60 

feature appears less protruding or does not even appear in the topographic images. This difference 

is the result of STM images being convolutions of geometric and electronic structure.16-19 
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For example, in the area shown in Figure 2.2a,c,e, we observe five C60 triad molecules, as labeled 

in Figure 2.2c. The lattice structures of C12 SAMs in Figure 2.2a,c,e are not observed in the 

spectroscopic images under these conditions. This result is consistent with C12 not absorbing 

incident photons at this energy, leading to no detectable photocurrent corresponding to the 

excitation. By comparing Figure 2.2b,d,f we can see that there are large positive and negative 

signals in the lower regions of Figure 2.2d,f (illuminated) that were not observed in Figure 2.2b 

(no illumination). Such positive and negative signals are much larger than the background and only 

present under illumination. 

Schemes showing the experimental setup are shown in Figure 2.3a. We use phase-sensitive 

detection with mechanical chopping of the laser illumination to record the photo-induced tunneling 

current change (Figs. 2b,d,f and 3b). In Figure 2.3b, while under illumination, the average values 

of the in-phase signals calculated from Figure 2.2d,f (and other consecutively collected 

spectroscopic images not shown here) are more negative than those without illumination. The 

number n in Figure 2.3b represents the number of spectroscopic images we used to calculate the 

average values. The average values of Figure 2.2d,f and other spectroscopic images collected 

under illumination were calculated from the regions corresponding to dodecanethiol molecules 

only (highlighted in Figure 2.4). The error bars represent the deviation of average values between 

different images. When we change the sample bias from -1 V to +1 V, we observe that, under 

illumination, the average in-phase signal is more positive than that without illumination. That is, 

the phase shift for photo-induced signal changes 180° when we change the polarity of the bias. We 

attribute the negative shift of average in-phase signal under illumination in Figure 2.3b to 

tunneling of photo-induced hot electrons from the surface to the tip. Since photo-induced electrons 
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generated in C60 triad molecules should have the same phase shift as hot electrons, in Figure 2.2, 

we conclude that local positive signals in the spectroscopic images indicate that the position has 

higher densities of photo-induced holes and negative signals in the spectroscopic images indicate 

that the position has higher densities of photo-generated electrons.20-23 Our results in Figure 2.2 

and related data enable us to characterize the distribution of photo-induced charges within C60 triad 

molecules. 

Photoinduced signals in the phase-sensitive spectroscopic images in Figure 2.2d,f were extracted 

from the background through a height thresholding method. Height thresholds were determined 

based on the data intensity range of the area corresponding to n-dodecanethiol matrix molecules 

in phase-sensitive spectroscopic images, as highlighted in Figure 2.4. Figure 2.4a,b is reproduced 

from Figure 2.2d,f. For Figure 2.2d, data points with value smaller than -1.2 pA and larger than 

0.9 pA and their adjacent areas with slope larger than 20% of the whole image and curvature larger 

than 60% of the whole image were conserved. The rest of the data points in Figure 2.2d were 

replaced by the mean value of the whole image. For Figure 2.2f, data points with values smaller 

than -0.9 pA and larger than 0.8 pA and their adjacent areas with slope larger than 20% of the 

whole image and curvature larger than 60% of the whole image were conserved. The rest of the 

data points in Figure 2.2f were replaced by the mean value of the entire image. 

Extracted photo-induced signals from Figure 2.2d,f are shown in Figure 2.5b,e separately and 

corresponding topographic images Figure 2.2c,e are shown as Figure 2.5a,d for analysis. In the 

data in Figure 2.5b, we find that the three regions of signals highlighted by black, green, and red 

boxes correspond to the C60 triad molecules labeled 2, 3, and 5, respectively, in Figure 2.5a. While 

in Figure 2.5e, the two regions of signals highlighted by green and red boxes correspond to the 
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C60 triad molecules labeled 3, 4, and 5, respectively, in Figure 2.5d. The relative intensities of the 

photo-induced signals can also be seen in Figure 2.5c,f, which are displays of Figure 2.5b,e in the 

yz plane. The signals corresponding to the molecule labeled 2 (black box) in Figure 2.5c disappear 

in Figure 4f and the signal corresponding to the molecule labeled 3 (green box) in Figure 2.5c only 

have positive signal left in Figure 2.5f and the intensity has greatly decreased. However, the signal 

corresponding to the molecule labeled 5 (red box) in Figure 2.5c greatly increased in Figure 2.5f. 

We tentatively attribute the differences in the intensities of photo-induced signals and the 

observations that photo-induced signals were not observed for all C60 triad molecules as likely due 

to (dynamic) differences in conformations of C60 triad molecules. 

We observed that in Figures 2.2 and 2.5, the regions with large phase-sensitive signals in the 

spectroscopic images correspond to the regions with strips with significant signal fluctuations in 

the topographic images. The strips in the topographic images were caused by the conformational 

changes and motion of C60 triad molecules during scanning. In order to test whether the 

phase-sensitive signals we observed were related to motion of the molecules, we collected another 

set of images of the same region when the surface was not under illumination, shown in Figure 2.6. 

In Figure 2.6a, we observe signal fluctuations near one of the C60 triad molecules, which we 

interpret as conformational changes and motion of the C60 triad molecules not being caused 

(exclusively) by illumination. In the corresponding spectroscopic image, Figure 2.6b, we do not 

observe significant phase-sensitive signals in the region corresponding to the fluctuations, 

indicating that the movement of the C60 triad molecules will not generate “mechanical” noise in 

the spectroscopic images as recorded (which would have to be phase-sensitive to be observed). 
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Such results suggest that the phase-sensitive signals we observed in Figures 2.2 and 2.5 were 

caused by the photo-induced charges. 

In order to test whether we can detect the distribution of photo-induced charges on different 

C60 triad molecules, we also collected topographic and spectroscopic images for different regions 

on different samples. Two typical sets of data are shown in Figures 2.7 and 2.8. Figure 2.7a,b was 

collected without any illumination and Figure 2.7c,d was collected when the surface was 

illuminated by a 405 nm laser. In Figure 2.7d, we observe positive and negative in-phase signals 

(highlighted by the black box) corresponding to the position of a C60 triad molecule in Figure 2.7c. 

Such signals were not observed in Figure 2.7b. All images in Figure 2.8 were collected with a 

+1.00 V sample bias, which is different from all the other STM images shown in the main text and 

the supporting information. Figure 2.8a,b was collected without any illumination and Figure 2.8c,d 

was collected when the surface was illuminated by a 405 nm laser. Photo-induced signals were 

observed in Figure 2.8d (highlighted by the black box) and their positions correlate to the positions 

of C60 triad molecules in Figure 2.8c. 

We also collected the 90° phase offset images for Figure 2.2c,e, shown as Figure 2.9c,f, 

separately. Figure 2.2c,d,e,f is reproduced as Figure 2.9a,b,d,e for comparison. In Figure 2.9c,f, 

we observe positive and negative phase-sensitive signals at the same positions as Figure 2.9b,e. 

The phase shift of the phase-sensitive signal only depends on the electronic delays of the system 

and is constant as long as the settings of the chopper encoder and lock-in amplifier are kept the 

same. It can vary within a small range due electronic noise and small uncertainties of the 

instruments (vibrations etc.) resulting in small signals in the 90° phase offset images. The purpose 

of this work is to test if we can map the distributions of photo-induced charges at the sub-molecular 
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level. We have the potential to obtain more valuable information after further engineering of the 

instrument and the systems. 

2.3.2 Photo-Response of the Control Molecule (DTP) 

We also performed control experiments in which molecules without C60 groups (DTP, Figure 1b) 

were inserted into the defects in C12 SAMs and the surface was characterized by laser-assisted 

STM. Figure 2.10a,b shows simultaneously obtained topographic and spectroscopic images 

without illumination. Figure 2.10c,d shows simultaneously obtained topographic and 

spectroscopic images with evanescent laser illumination. We attribute the protrusions in 

Figure 2.10a,c highlighted by the circles as DTP molecules. The DTP molecules cannot be 

characterized as clearly as C60 triad molecules even though the lattice of C12 matrix molecules is 

still observed. We attribute this difference to DTP molecules being substantially smaller than 

C60 triad molecules, which makes them more mobile under ambient conditions and room 

temperature.24 When the laser was blocked to stop illumination, some signals near the background 

level were observed in Figure 2.10b at the same position as the DTP molecule in Figure 2.10a. 

After illumination, the signal corresponding to the DTP molecule (highlighted by the circle) in the 

spectroscopic image Figure 2.10d did not increase significantly beyond the background (matrix) 

level. These and similar results on DTP and other molecules indicate that the charge separation 

observed in Figure 2.2d,f is only observed in molecular p-n junctions when both electron donor 

and electron acceptors are present. 

2.4 Conclusions and Prospects 

In summary, we have successfully detected photoinduced charge separation in single molecular 

p-n junctions with laser-assisted STM. This method can serve as a diagnostic tool to measure the 
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intrinsic photovoltaic efficiency of single molecules and assemblies for solar cell applications. By 

investigating candidate molecules and assemblies with this laser-assisted STM, we can 

quantitatively compare the photovoltaic efficiency with submolecular resolution and provide direct 

figures of merit for energy conversion. We can use these measurements to optimize 

photoabsorption, charge separation, and connections of the molecules or assemblies to the contact. 

The critical details of the orientations and contacts can be extracted in a way inaccessible to 

ensemble measurements of photovoltaics. These studies will provide important design principles 

and feedback for synthetic chemists, and help to determine key molecular components for efficient 

light conversion. Further experiments will focus on extending our method to other photoactive 

molecules with different electron donors and acceptors and molecules/assemblies with different 

structures. 
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Figure 2.1. Chemical structure of (a) C60-tethered 2,5-dithienylpyrrole triad and (b) the control 

that has no C60 attached (DTP). 
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Figure 2.2. Consecutively collected scanning tunneling microscopy images showing C60 triad 

molecules inserted in dodecanethiolate monolayer matrix on Au{111}. (a) Topographic and (b) 

spectroscopic (see text) images were simultaneously obtained when the laser was not illuminating 

the sample. (c) Topographic and (d) spectroscopic images were simultaneously obtained when the 

laser illuminated the sample evanescently. (e) Topographic and (f) spectroscopic images were 

simultaneously obtained immediately after (c) and (d). All images were collected at a sample bias 

of -1.00 V and a tunneling current of 12.0 pA. All spectroscopic images were collected 

phase-sensitively with a reference frequency of 4.8 kHz created by a chopper wheel that was used 

to modulate the evanescent sample illumination.  
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Figure 2.3. (a) Scheme of evanescent illumination and photo-generation of charge separation, 

measured in submolecular resolution spectroscopic images. (b) Average of the in-phase signals 

calculated from spectroscopic images in Figure 2.2 and consecutively collected data. 
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Figure 2.4. (a) Phase-sensitive spectroscopic image reproduced from Figure 2.2d. (b) 

Phase-sensitive spectroscopic image reproduced from Figure 2.2f. 
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Figure 2.5. Consecutively collected scanning tunneling microscopy images under evanescent laser 

illumination, showing C60 triad molecules inserted in a dodecanethiolate monolayer matrix on 

Au{111}. (a) Topographic image reproduced from Figure 2.2c. (b) Photo-induced charge 

separation extracted from Figure 2.2d. (c) Projection of image (b) on the yz plane. (d) Topographic 

image reproduced from Figure 2.2e. (e) Photo-induced charge separation extracted from 

Figure 2.2f. (d) Projection of image (e) in the yz plane. All images were collected at a sample bias 

of -1.00 V and a tunneling current of 12.0 pA. All spectroscopic images were collected 

phase-sensitively with a reference frequency of 4.8 kHz created by a chopper wheel that was used 

to modulate the sample illumination. 
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Figure 2.6. (a) Topographic and (b) spectroscopic images showing C60 triad molecules inserted in 

dodecanethiolate monolayer matrix on Au{111}. Images were collected without any illumination 

of the surface. All images were collected at a sample bias of -1.00 V and a tunneling current of 

12.0 pA. 
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Figure 2.7. Scanning tunneling microscopy images showing C60 triad molecules inserted in a 

dodecanethiolate monolayer matrix on Au{111}. (a) Topographic and (b) spectroscopic images 

were simultaneously obtained when the laser was not illuminating the sample. (c) Topographic 

and (d) spectroscopic images were simultaneously obtained when the laser (405 nm) illuminated 

the sample evanescently. All images were collected at a sample bias of -1.00 V and a tunneling 

current of 12.0 pA. All spectroscopic images were collected phase-sensitively with a reference 

frequency of 4.8 kHz created by a chopper wheel that was used to modulate the evanescent sample 

illumination. 
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Figure 2.8. Scanning tunneling microscopy images showing C60 triad molecules inserted in a 

dodecanethiolate monolayer matrix on Au{111}. (a) Topographic and (b) spectroscopic images 

were simultaneously obtained when the laser was not illuminating the sample. (c) Topographic 

and (d) spectroscopic images were simultaneously obtained when the laser (405 nm) illuminated 

the sample evanescently. All images were collected at a sample bias of +1.00 V and a tunneling 

current of 12.0 pA. All spectroscopic images were collected phase-sensitively with a reference 

frequency of 4.8 kHz created by a chopper wheel that was used to modulate the evanescent sample 

illumination. 
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Figure 2.9. Consecutively collected scanning tunneling microscopy images under evanescent laser 

illumination, showing C60 triad molecules inserted in a dodecanethiolate monolayer matrix on 

Au{111}. (a) Topographic image reproduced from Figure 2.2c. (b) Spectroscopic image 

reproduced from Figure 2.2d. (c) 90° phase offset image collected simultaneously with (a) and (b). 

(d) Topographic image reproduced from Figure 2.2e. (e) Spectroscopic image reproduced from 

Figure 2.2f. (f) 90° phase offset image collected simultaneously with (d) and (e). All images were 

collected at a sample bias of -1.00 V and a tunneling current of 12.0 pA. All spectroscopic images 

were collected phase-sensitively with a reference frequency of 4.8 kHz created by a chopper wheel 

that was used to modulate the sample illumination. 
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Figure 2.10. Scanning tunneling microscopy images showing 2,5-dithienylpyrrole control 

molecules inserted in a dodecanethiolate self-assembled monolayer matrix on Au{111}. (a,b) 

Simultaneously obtained topographic and spectroscopic images without illumination. (c,d) 

Simultaneously obtained topographic and spectroscopic images with evanescent illumination. All 

images were collected at a sample bias of -1.00 V and a tunneling current of 12.0 pA. All 

spectroscopic images were collected phase-sensitively with a reference frequency of 4.8 kHz 

created by a chopper wheel that was used to modulate the evanescent sample illumination. 
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3.1 Introduction 

Titanyl phthalocyanine (TiOPc, Figure 3.1a) has been widely studied as a potential candidate 

for organic photovoltaic solar cells,1-6 organic light emitting diodes,7 and field effect transistors8-10 

due to its efficient photoelectric activities in the visible and near-IR regions.11 Titanyl 

phthalocyanine is a nonplanar molecule with the titanyl group located perpendicular to the 

phthalocyanine plane (Figure 3.1a), resulting in various crystal structures. Three major 

polymorphs have been reported for TiOPc, including monoclinic phases Ⅰ (β-TiOPc) and Y, and a 

triclinic phase Ⅱ (α-TiOPc).12 The optical responses of different TiOPc polymorphs are 

significantly different from each other since their carrier generation efficiencies greatly depend on 

intermolecular interactions.3,4,12 Understanding the relationships between the arrangements of the 

TiOPc molecules and their photoelectric properties is critical for optimizing the performance of 

TiOPc based optoelectronic devices. More generally, optimizing the structures and relative 

orientations of components of solar cells and other energy harvesting devices has the potential to 

increase the efficiencies of photoexcitation, charge separation, and the overall devices. Thus, as a 

community, we have developed new multimodal nanoscale analysis tools that enable us to 

elucidate structures while simultaneously measuring local spectra and function.13-25 

Scanning tunneling microscopy (STM) has been used to study the adsorption of TiOPc 

molecules on various surfaces.10,26-32 In most of these studies, the deposition of TiOPc molecules 

was conducted in ultra-high vacuum (UHV) and therefore the arrangements of the molecules are 

significantly different from TiOPc crystals. When approaching low surface coverages (i.e., 

< 1 monolayer), TiOPc molecules adsorb on metal surfaces with their phthalocyanine plane 
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parallel to the substrates.32 In monolayers prepared in vacuo, TiOPc molecules are distorted and 

their arrangements depends strongly on the structure of the substrates.10,27-31  

Incorporating laser irradiation into the tunneling junction extends the capabilities of STM and 

enables us to probe photoinduced carrier dynamics at the nanoscale.14,16,18,33-37 The photo excited 

orbitals of a variety of photoactive nanostructures and molecules have been visualized with 

submolecular resolution and studied by local spectroscopic methods.38-45 Here, we used a 

custom-built laser-assisted STM23,25 to measure the photo-responses of TiOPc monolayers that 

were prepared through solution deposition,26,46 to reproduce real-life applications more 

realistically. We observed two types of lattice structures, which are different from those reported 

for UHV deposition or at liquid/solid interfaces. The lattice parameters we observed are different 

from bulk TiOPc crystals but the molecules are densely packed in both lattices. Three lasers with 

wavelengths of 405 nm, 633nm, and 780 nm were used for interrogating the optical responses of 

TiOPc monolayers. Both 633 nm and 780 nm falls in the Q band of TiOPc, and 405 nm laser was 

used in a control experiment to test the thermal expansion effect of the STM tip-sample junction 

since TiOPc does not absorb 405 nm light efficiently.12 The laser beams were modulated by a 

chopper wheel at 4.8 kHz and were introduced into the tunneling junction through total internal 

reflection, as illustrated in Figure 3.1b. Different photo-responses were observed for the two lattice 

structures. Density functional theory (DFT) calculations of the ground state and excited state 

molecular orbitals were compared to and used to interpret the data. Our results indicate that the 

photoinduced carrier generation within TiOPc monolayers depends on the arrangement of TiOPc 

molecules and local environment. 
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3.2 Experimental Methods 

3.2.1 Preparation of titanyl phthalocyanine (TiOPc) monolayers.  

Freshly flame-annealed Au{111}/Al2O3(0001) substrates were immersed in a saturated 

ethanolic solution of TiOPc (Sigma Aldrich, St. Louis, MO) for 10 min. We note that TiOPc does 

not completely dissolve in ethanol. Substrates were then rinsed thoroughly with ethanol and blown 

dry using nitrogen. 

3.2.2 Theoretical Analyses.  

Density functional theory (DFT) calculations with periodic boundary conditions were performed 

to obtain the geometries for the TiOPc monolayers and compute the band-decomposed charge 

densities. All calculations were performed for gas-phase structures. 

All the electronic structure calculations were performed using the plane-wave DFT-based 

Vienna ab initio simulation package (VASP).47-50 The interactions between the ionic cores and the 

electrons were described by fully nonlocal optimized projector augmented-wave (PAW) 

potentials51,52, and exchange and correlation effects were treated within the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional53,54. We used a 

vacuum space of 6.2 Å between the monolayers to avoid spurious interactions between repeated 

images in the z direction. A 2 × 4 × 1 Monkhorst-Pack k-point grid and a cutoff energy of 400 eV 

for the plane-wave basis set were chosen for all calculations. 

To consider different orientations of the molecules in the monolayers, the monomer was first 

packed and optimized in one dimension with different initial orientations about the Ti-O bond. The 

optimized one-dimensional structures were then packed in the other dimension and relaxed to give 

the optimized structures for the monolayers. We also compute the band-decomposed charge 
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density for HOMO and excited bands, as well as their differences, using VASP. The charge density 

differences between HOMO and excited bands were computed by subtracting the 

band-decomposed charge density of HOMO from the charge density of the excited band, and 

plotted by VESTA55. All charge density images are plotted with an isodensity value of 0.001. The 

constant-current STM images were simulated using the Tersoff-Hamann method.56 

3.3 Results and Discussions 

3.3.1 Titanyl phthalocyanine monolayers 

We observed two types of lattice structures in TiOPc monolayers. The first lattice has unit cell 

parameters a = 1.21 ± 0.02 nm, b = 0.64 ± 0.01 nm, and α = 123 ± 1° (Figure 3.2a). The unit cell 

parameters for the second structure are c = 1.18 ± 0.02 nm, d = 0.40 ± 0.01 nm, and β = 89 ± 3° 

(Figure 3.2b). We tentatively name these structures hexagonal and rectangular lattices, 

respectively. The unit cell parameters reported here suggest that in the observed monolayers, 

TiOPc molecules are densely packed and stand nearly normal to the Au{111} surface, so the 

interactions between the molecules and the substrates should be weak. Therefore, in DFT 

calculations, we neglected the effects of the surface-molecule interactions and all calculations on 

the geometry optimization for TiOPc molecules and the band-decomposed charge density were 

performed for gas-phase molecules. 

To optimize the structures of the molecules in two types of lattice structures in the TiOPc 

monolayers, we first packed and optimized the molecules in one dimension. For hexagonal lattice 

structure, the molecules were first packed along the lattice vector b, and b = 0.64 nm, α = 123° 

from experimental measurement. For rectangular lattice structure, experimental values b = 

0.40 nm and α = 90 ° were used. Since the molecules are densely packed, we set lattice vector a to 



61 

 

be 1.50 nm for both lattice structures to allow full relaxation of the molecular orientation. To 

consider different orientations of the molecules, we rotated the gas-phase structure about the Ti-O 

bond by an angle 𝜃 (Figure 3.3), and chose 𝜃 = 10, 20,… , 80° as the initial orientations for both 

lattice structures. 

The optimized one-dimensional structures were used as the initial configurations for 

two-dimensional optimization. We gradually decreased the length of the lattice vector a to match 

the experimental value a = 1.21 nm for hexagonal lattice and a = 1.18 nm for rectangular lattice. 

The optimized structure in one unit cell for the hexagonal lattice is shown in Figure 3.4. 

The electron density of the highest occupied molecular orbital (HOMO) of TiOPc is shown in 

Figure 3.5a, and the proposed packing arrangements for hexagonal and rectangular lattices are 

shown in Figure 3.5b,c, respectively. We simulated STM images for TiOPc hexagonal and 

rectangular lattices from EF (Fermi energy) – 1.0 eV to EF based on the band decomposed charge 

density we calculated using DFT calculations, as shown in Figure 3.6. Figure 3.6 is similar to the 

STM images we obtained using our laser-assisted STM (Figure 3.2), which suggests that the 

optimized geometry we used for our calculation matches the real geometry of TiOPc in 

monolayers. The intermolecular distances in the hexagonal and rectangular lattices are close to 

those reported in TiOPc crystals and liquid/solid interface11,12,26 and are significantly smaller than 

those previously reported for STM data in UHV.27-29,32 

3.3.2 Photo-responses of titanyl phthalocyanine in monolayers 

We investigated the photo-responses of molecules in the TiOPc hexagonal lattice using 

laser-assisted STM with 633 nm (3.5 mW) laser illumination. Consecutively obtained STM 

topographic images of the same region and simultaneously acquired spectroscopic images are 
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shown in Figure 3.7. Figure 3.7b,d are spectroscopic images of in-phase lock-in signals with a 

reference frequency of 4.8 kHz created by a chopper wheel that was used to modulate the 

evanescent sample illumination. The blue and green boxes, which highlight the same area in Figure 

3.7a,b and Figure 3.7c,d, respectively, represent the unit cell of the hexagonal lattice; they contain 

a single TiOPc molecule. In Figure 3.7b,d, there are protrusions directly corresponding to the 

positions of TiOPc molecules in Figure 3.7a,c. In our experimental setup, the increase of tunneling 

current caused by laser-induced thermal expansion of the tunneling junction results in negative 

in-phase lock-in signals, as indicated by the color bar in Figure 3.7b,d. On the other hand, the 

protrusions in Figure 3.7b,d suggest that the corresponding positions have lower electron density 

during the illumination interval compared to the surrounding area.25 Such distributions of lower 

photoelectron densities are attributed to the excitation of TiOPc molecules at 633 nm and relate to 

the differences in electron density between the exited state and ground state molecular 

orbitals.42,45,57 Furthermore, as shown in Figure 3.7b,d, the probability for TiOPc molecules to be 

excited at 633 nm is different between molecules. For some TiOPc molecules, there are no 

corresponding protrusions in the spectroscopic images, indicating that those molecules have lower 

excitation probabilities. The local environment in this area can affect the distribution of the 

evanescent field and results in differences in excitation probabilities. 

We also excited the TiOPc molecules in the hexagonal lattice with 780 nm (7.7 mW) laser 

illumination. Figure 3.8a,b are topographic and simultaneously collected spectroscopic images 

obtained under evanescent 780 nm laser illumination at the same area as Figure 3.7. The yellow 

boxes in Figure 3.8 represent the shape of a unit cell of the hexagonal lattice and highlight the 

same area in corresponding images. From Figure 3.8b, we can see that under 780 nm illumination, 
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the excitation of TiOPc molecules results in low photoelectron density in the local area, similar to 

633 nm illumination. The distribution of photoelectrons in Figure 3.8b is not homogeneous across 

this area, indicating that this area may not be perfectly perpendicular to the polarization direction 

of the laser. 

In order to interpret the photoelectron distributions that we observed in Figures 3.7 and 3.8, we 

calculated the charge density differences between excited states and ground state molecular 

orbitals of TiOPc in hexagonal lattice. Charge density differences between the lowest unoccupied 

molecular orbital (LUMO) and HOMO of TiOPc are shown in Figure 3.9a,b. Charge density 

differences between LUMO+1 and HOMO of TiOPc are shown in Figure 3.9c,d. According to our 

calculations, the LUMO is doubly degenerate in the gas phase, but the energy band splits into two 

sub-bands in the hexagonal lattice, due to interactions between adjacent molecules. The excitation 

of TiOPc from HOMO to LUMO and LUMO+1 correspond to the Q band of TiOPc. In Figure 

3.9, the yellow color represents increases in charge density when molecules are excited from the 

ground state to excited states, while the blue color represents decreases in charge density. We can 

see that there are decreases in charge density on the phenyl rings when TiOPc is excited from 

HOMO to LUMO or LUMO+1. This result is consistent with the spectroscopic images in Figure 

3.7 and 3.8, and that the laser-assisted STM characterizes the distribution of photoelectrons in 

TiOPc hexagonal lattice. The slight differences between Figure 3.7b,d and Figure 3.8b may be due 

to the fact that TiOPc molecules are excited predominantly to the LUMO by 780 nm light and to 

the LUMO+1 by 633 nm light. However, since our experiments were carried out at room 

temperature under ambient conditions, the topographic and spectroscopic images are likely to be 
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convoluted results of different energy levels of the entire system,58-67 and the calculated results are 

not expected to match the experimental data precisely. 

In order to test whether moving the STM tip can introduce mechanical noise to the in-phase 

signals we collect, we simultaneously obtained topographic and spectroscopic images on TiOPc 

rectangular lattice when there was no illumination of the surface but the chopper wheel and the 

rest of the electronics were working under otherwise identical conditions. From the images we 

obtained in dark in Figure 3.10, we can see that there is no such mechanical noise in Figure 3.10b. 

Such results indicate that the patterns we see in spectroscopic images collected under laser 

illuminations in this chapter are due to the excitation of TiOPc molecules or thermal expansion of 

the tunneling junction. 

In order to test the effects of thermal expansion and hot electron tunneling in the STM junction 

on the in-phase lock-in signal, we performed a control experiment by characterizing the hexagonal 

lattice under 405 nm laser (5 mW) illumination. Figure 3.11a,b are topographic and simultaneously 

collected spectroscopic images showing the hexagonal lattice obtained under 405 nm laser 

illumination. The pink boxes represent the shape of a unit cell for hexagonal lattice and highlight 

the same area in corresponding images. From Figure 3.11b we can see that TiOPc molecules 

correspond to more negative in-phase signals, which means that the corresponding positions have 

higher photoelectron densities than the surrounding area. Figure 3.11b is significantly different 

from the spectroscopic images collected under 633 or 780 nm laser illumination, and the increase 

of photoelectron density on top of the molecules does not match our DFT calculation results. Since 

TiOPc should not absorb 405 nm light as efficiently as 633 nm and 780 nm light,12 we tentatively 

attribute such negative in-phase signals to the thermal expansion of the tunneling junction. 
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We also studied the photo-responses of molecules assembled into rectangular lattices using our 

laser-assisted STM with 633 nm and 780 nm laser illumination. Figure 3.12a,b shows 

simultaneously obtained topographic and spectroscopic images with 633 nm excitation. The white 

boxes represent the shape of a unit cell for rectangular lattice and highlight the same area in 

corresponding images. Figure 3.12c,d are simultaneously obtained topographic and spectroscopic 

images with 780 nm excitation. The black boxes represent the shape of a unit cell for the 

rectangular lattice and highlight the same area in corresponding images. From Figure 3.12, we see 

that under both 633 nm and 780 nm excitation, TiOPc molecules correspond to higher 

photoelectron densities than the surrounding areas. This result indicates that the photo-responses 

of molecules in the rectangular lattices are different than those in the hexagonal lattices. We 

calculated the charge density differences between excited states and ground state molecular 

orbitals of TiOPc and the results are shown in Figure 3.13. By comparing Figure 3.13 with Figure 

3.9, we can see that in the rectangular lattice, when TiOPc molecules are excited from HOMO to 

LUMO or LUMO+1, there are more charge density increases at the center of the macro ring than 

that for the hexagonal lattice, but the general distribution of charge density changes is similar to 

those for the hexagonal lattice. However, the photoelectron distribution in rectangular lattice does 

not match the theoretical prediction well, which indicates that TiOPc molecules may have low 

excitation probabilities in the rectangular lattice. The patterns we see in Figure 3.12 may have been 

caused by thermal expansion of the tunneling junction. Our data suggest that different packing 

arrangements of TiOPc in monolayers lead to different photo-responses. The density of states 

(DOS) and projected density of states (PDOS) of TiOPc in hexagonal and rectangular lattices are 

calculated and plotted in Figure 3.14. The HSE06 hybrid functional was used for DOS and PDOS 
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calculations.68 From Figure 3.14 we can see that the energy gaps between HOMO and LUMO or 

LUMO+1 for TiOPc molecules in hexagonal lattices are calculated to be 1.5-2.0 eV (excluding 

the effects of the substrate), which matches the 633 nm and 780 nm photon energies. However, 

the energy gaps between HOMO and LUMO or LUMO+1 for TiOPc molecules in rectangular 

lattices are calculated to be at or below 1.5 eV (excluding the effects of the substrate), indicating 

that 633 nm and 780 nm photons may not be absorbed strongly by TiOPc molecules packed in 

rectangular lattices. We note that the conjugated backbones of TiOPc molecules are stacked more 

directly and densely in rectangular lattices than in hexagonal lattices. The π-π stacking between 

TiOPc molecules in rectangular lattices is rather large (4.0 Å) for strong coupling, but could 

nonetheless increase carrier mobility in the monolayers, reducing the observed local effects of the 

photoexcitation on single TiOPc molecules in laser-assisted STM measurements.69-72 More 

detailed study is needed to correlate our results to the optoelectronic properties of TiOPc crystals 

and thin films. 

3.4 Conclusions and Prospects 

Using laser assisted STM, we have characterized the photo-responses of TiOPc molecules in 

two lattice structures we observed in solution deposited TiOPc monolayers on Au{111}. In 

hexagonal lattices, when TiOPc molecules are activated from HOMO to LUMO or LUMO+1 by 

633 nm or 780 nm lasers, we observed lower photoelectron density on top of the molecules. Such 

results match the charge density differences between excited states and ground state molecular 

orbitals of TiOPc obtained by DFT calculations. The DFT predicted photo-responses of TiOPc 

molecules in rectangular lattices are similar to those in hexagonal lattices, but the photoelectron 

distributions that we observed experimentally in spectroscopic images are different from those 
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predictions. Our data suggest that TiOPc molecules have lower excitation probabilities at 633 nm 

or 780 nm when organized in rectangular lattices than when in hexagonal lattices, and that the 

local environments can affect the absorption. By using the laser assisted STM, we have elucidated 

photoelectron distributions with submolecular resolution that cannot otherwise be extracted. Our 

results provide insight into the importance of packing arrangements in photoexcitation and carrier 

generation efficiencies in bulk crystals, thin films, and smaller assemblies. 
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Figure 3.1. (a) Chemical structure of titanyl phthalocyanine (TiOPc). (b) Schematic illustration of 

TiOPc monolayers photoexcited evanescently and studied by laser-assisted scanning tunneling 

microscopy. 
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Figure 3.2. Scanning tunneling microscopy (STM) images of titanyl phthalocyanine (TiOPc) 

monolayers on Au{111}. (a) Hexagonal lattice. Unit cell parameters are a = 1.21 ± 0.02 nm, 

b = 0.64 ± 0.01 nm, α = 123 ± 1°. (b) Rectangular lattice. Unit cell parameters are c = 

1.18 ± 0.02 nm, d = 0.40 ± 0.01 nm, β = 89 ± 3°. All images were collected at a sample bias of 

−1.00 V and a tunneling current of 70.0 pA. 
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Figure 3.3. Single TiOPc molecule configuration. The molecule is rotated about the Ti-O bond by 

an angle of 𝜃. 
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Figure 3.4. Optimized geometries for (a) hexagonal lattice structure and (b) rectangular lattice 

structure. 
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Figure 3.5. (a) Electron density of the highest occupied molecular orbital (HOMO) of titanyl 

phthalocyanine (TiOPc) viewed from directions perpendicular (upper image) and parallel (lower 

image) to the phthalocyanine ring. (b) Proposed packing arrangement of TiOPc molecules in 

hexagonal lattice on Au{111}. (c) Proposed packing arrangement of TiOPc molecules in 

rectangular lattice on Au{111}. 

  



73 

 

 

Figure 3.6. Simulated scanning tunneling microscope images for (a) hexagonal and (b) rectangular 

lattice structures. The images are generated for energy between EF – 0.1 eV and EF, with an 

isodensity value of 0.005. 
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Figure 3.7. Consecutively collected scanning tunneling microscopy (STM) images under 

evanescent 633 nm laser (3.5 mW) illumination, showing titanyl phthalocyanine (TiOPc) 

monolayers (with a hexagonal lattice) on Au{111}. (a) Topographic and (b) spectroscopic images 

were simultaneously obtained. The blue boxes highlight the same area in corresponding images. 

(c) Topographic and (d) spectroscopic images were simultaneously obtained immediately after (a) 

and (b). The green boxes highlight the same area in corresponding images. All images were 

collected at a sample bias of −1.00 V and a tunneling current of 70.0 pA. All spectroscopic images 

were collected phase sensitively with a reference frequency of 4.8 kHz created by a chopper wheel 

that was used to modulate the evanescent sample illumination.  
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Figure 3.8. Scanning tunneling microscopy (STM) images collected under evanescent 780 nm 

laser (7.7 mW) illumination, showing titanyl phthalocyanine (TiOPc) monolayers (with a 

hexagonal lattice) on Au{111}. (a) Topographic and (b) spectroscopic images were simultaneously 

obtained. The yellow boxes highlight the same area in corresponding images. All images were 

collected at a sample bias of −1.00 V and a tunneling current of 70.0 pA. Spectroscopic images 

were collected phase sensitively with a reference frequency of 4.8 kHz created by a chopper wheel 

that was used to modulate the evanescent sample illumination. 
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Figure 3.9. (a,b) Charge density differences between the lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) of titanyl phthalocyanine (TiOPc) in 

hexagonal lattice. (c,d) Charge density differences between LUMO+1 and HOMO of TiOPc in the 

hexagonal lattice. The yellow color represents increases in charge density when molecules are 

excited from the ground state to excited states, while the blue color represents corresponding 

decreases in charge density. 
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Figure 3.10. Scanning tunneling microscopy images showing titanyl phthalocyanine monolayers 

on Au{111}. (a) Topographic and (b) spectroscopic images were simultaneously obtained without 

illumination. All images were collected at a sample bias of −1.00 V and a tunneling current of 

70.0 pA. The spectroscopic image was collected phase sensitively with a reference frequency of 

4.8 kHz generated by a chopper wheel. 
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Figure 3.11. Scanning tunneling microscopy (STM) images collected under evanescent 405 nm 

laser (5 mW) illumination, showing titanyl phthalocyanine (TiOPc) monolayers (with a hexagonal 

lattice) on Au{111}. (a) Topographic and (b) spectroscopic images were simultaneously obtained. 

The pink boxes highlight the same area in corresponding images. All images were collected at a 

sample bias of −1.00 V and a tunneling current of 70.0 pA. Spectroscopic image was collected 

phase sensitively with a reference frequency of 4.8 kHz created by a chopper wheel that was used 

to modulate the evanescent sample illumination. 
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Figure 3.12. Scanning tunneling microscopy (STM) images collected under evanescent laser 

illumination, showing titanyl phthalocyanine (TiOPc) monolayers (with a rectangular lattice) on 

Au{111}. (a) Topographic and (b) spectroscopic images were simultaneously obtained when a 

633 nm laser illuminated the sample evanescently. The white boxes highlight the same area in 

corresponding images. (c) Topographic and (d) spectroscopic images were simultaneously 

obtained when a 780 nm laser illuminated the sample evanescently. The black boxes highlight the 

same area in corresponding images. All images were collected at a sample bias of −1.00 V and a 

tunneling current of 70.0 pA. All spectroscopic images were collected phase sensitively with a 
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reference frequency of 4.8 kHz created by a chopper wheel that was used to modulate the 

evanescent sample illumination.  
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Figure 3.13. (a,b) Charge density differences between the lowest unoccupied molecular orbital 

(LUMO) and highest occupied molecular orbital (HOMO) of titanyl phthalocyanine (TiOPc) in a 

rectangular lattice. (c,d) Charge density differences between LUMO+1 and HOMO of TiOPc in a 

rectangular lattice. The yellow color represents increases in charge density when molecules are 

excited from ground state to excited states, while the blue color represents corresponding decreases 

in charge density. 
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Figure 3.14. Density of states (DOS) and projected density of states (PDOS) for (a) hexagonal and 

(b) rectangular lattices. The grey color represents the DOS, and the PDOS for Ti, O, C and N atoms 

are represented in red, green, blue and yellow colors, respectively. Simulations were performed in 

gas phase.  
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CHAPTER 4 

Formation of Highly Ordered Terminal Alkyne Self-Assembled Monolayers on Au{111} 

Surface through Substitution of 1-Decaboranethiolate 

(Adapted from: Wang, S.; Goronzy, D. P.; Young, T. D.; Wattanatorn, N.; Stewart, L.; Baše, 

T.; Weiss, P. S. Formation of Highly Ordered Terminal Alkyne Self-Assembled Monolayers on 

the Au{111} Surface through Substitution of 1-Decaboranethiolate. J. Phys. Chem. C 2019, 123, 

1348-1353.) 
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4.1 Introduction 

Terminal alkyne self-assembled monolayers (SAMs) have received increasing attention,1-6 since 

they offer a way to form covalent Au-C σ bonds that are an alternative to Au-thiolate and other 

conventional anchoring groups.3,7-11 However, reports of highly ordered terminal alkyne SAMs on 

gold surfaces have been rare since alkynyl groups tend to be oxidized during the formation of the 

SAMs, resulting in disordered structures.6 Highly ordered terminal alkyne SAMs have been 

obtained when assembly was performed in an oxygen-free environment.4 This oxygen-free 

constraint for getting high-quality terminal alkyne SAMs restricts such surfaces for further detailed 

studies and applications. 

In an attempt to fabricate SAMs with molecular level mixed electron donor and acceptor 

molecules, we studied the reactivity of 1-decaboranethiolate (Figure 4.1a) SAMs on Au{111}. 

However, we find out that the reaction aimed at completing and closing the open cages of 

1-decaboranethiolate with 4-phenyl-1-butyne (4p1b, Figure 4.1b) results in highly ordered 

monolayers of 4-phenyl-1-butyne. 4-Phenyl-1-butyne can react with the bridging hydrogen atoms 

on the open cage of 1-decaboranethiol under the catalysis of acetonitrile and form o-carboranethiol 

derivatives.12 The heat released by the reaction caused the desorption of the original 

1-decaboranethiol SAM and 4p1b molecules fill in the remaining vacancies and form ordered 

structures. Exothermic reaction-induced disorder in SAMs has been observed previously for 

Fischer esterification reactions and was used to make regions of the monolayer labile to 

displacement.13 This disorder is important in enabling displacement. Defects in SAMs, such as 

domain boundaries, are necessary as they serve as nucleation sites for displacement (and insertion), 

as shown both for SAMs of molecules with both linear and rigid-cage backbones.13-19 The 
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substitution process was characterized here by scanning tunneling microscopy (STM). 

1-Decaboranethiol SAMs are disordered but the SAMs formed by 4p1b after the substitution are 

consistent with the (√3 × √3)R30° lattice on Au{111}. Grazing incidence Fourier transform 

infrared (FTIR) spectroscopy results indicate that the process occurs gradually and X-ray 

photoelectron spectroscopy (XPS) confirms the ultimate complete substitution of 

1-decaboranethiolate moieties. 

4.2 Experimental Methods 

4.2.1 Materials 

4-Phenyl-1-butyne (Sigma-Aldrich, St. Louis, MO), dichloromethane and acetonitrile were used 

as received. 1-Decaboranethiol was synthesized and purified as previously described.20 

1-Decaboranethiol SAMs were prepared by immersing freshly flame-annealed Au{111} on mica 

and Au{111} on silicon substrates into gravimetrically prepared 1 mM CH2Cl2 solutions of 

1-decaboranethiol for 24 h at room temperature. Substrates were then rinsed thoroughly with 

CH2Cl2 and were blown dry using nitrogen. 

4.2.2 Reaction Between 1-Decaboranethiolate and 4-Phenyl-1-butyne  

Substrates with 1-decaboranethiol SAMs were immersed in acetonitrile. The solutions were 

maintained at 82 ℃ for 2 h before 4-phenyl-1-butyne was added to prepare a 0.02 M solution. The 

reaction was then allowed to continue at 82 ℃ for another 24 or 48 h and the substrates were then 

rinsed thoroughly by acetonitrile and blown dry using nitrogen. 

4.2.3 Scanning Tunneling Microscopy  

All STM measurements were conducted using a custom beetle-style STM under ambient 

conditions.21 Piezoelectric scanner gains were calibrated using the lattice spacing of a known 
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adsorbate, 1-dodecanethiolate on Au{111}. The measured spacings of the alkanethiolate SAMs 

were measured in a variety of scanning directions. The vertical scale was calibrated using the 

monatomic step heights of the Au{111} substrate in subsequent images. 

4.2.4 Grazing Incidence Fourier Transform Infrared Spectroscopy  

Infrared spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Electron Corp., 

Waltham, MA) equipped with a liquid-nitrogen-cooled mercury-cadmium-telluride detector and a 

Seagull variable-angle reflection accessory (Harrick Scientific, Inc., Ossining, NY). A FTIR Purge 

Gas Generator (Parker-Balston, Cleveland, OH) removed water and CO2 from the gas stream used 

to purge the spectrometer and its accessory. The data were collected at grazing incidence (82° 

relative to the surface normal) in reflection mode with p-polarized light and a mirror speed of 

1.27 cm/s, with a resolution of 8 cm-1. All spectra were averaged over 1024 scans. Scans were 

normalized with spectra of perdeuterated n-dodecanethiolate monolayers on Au{111}. 

4.3 Results and Discussion 

4.3.1 Self-Assembly of 1-Decaboranethiol 

Self-assembled monolayers of 1-decaboranethiol were prepared by immersing flame-annealed 

Au{111} on mica substrates into gravimetrically prepared 1 mM CH2Cl2 solutions of 

1-decaboranethiol for 24 h at room temperature. The substrates were then characterized by a 

custom beetle-style STM under ambient conditions.22 The STM images in Figure 4.2 show that 

1-decaboranethiolate molecules in the SAM tend to form small clusters rather than long-range 

ordered nanostructures, which results in evenly distributed vacancies within the SAMs (displayed 

as dark regions). 
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The random cluster pattern on the surface, which is characterized by many disordered and varied 

protrusions (Figure 4.2b), can be explained by the lower symmetry of the molecules compared to 

upright, symmetric carboranethiols23 and their different orientations with regard to the surface. 

The difference in the interactions between neighboring molecules results in different tilt angles 

and thus different intermolecular distances (Figure 4.3b). The lack of long-range order and the 

molecular tilt make it difficult to extract useful information about the assembly structure under 

ambient conditions at room temperature. 

4.3.2 Reaction of 1-Decaboranethiol with the Alkynyl Group 

The four acidic bridging hydrogen atoms in decaborane enable it to react with alkynyl groups 

catalyzed by acetonitrile through the steps shown in Scheme 1.12 

 

Scheme 1. Reaction of decaborane with alkynyl group catalyzed by acetonitrile. 

4-Phenyl-1-butyne (4p1b) was used to study the reactivity of 1-decaboranethiol assembled on 

the Au surface. A 1-decaboranethiol SAM was prepared on flame-annealed Au{111} on a mica 

substrate and then the substrate was immersed in acetonitrile to prepare the 

bis-(acetonitrile)decaborane adduct, which is necessary for the formation of ortho-carborane by 

the insertion of an alkyne moiety in the open decaborane cage. The solution was maintained at 

82 ℃ for 2 h before 4-phenyl-1-butyne was added. The reaction was held at 82 ℃ for another 48 h 

and the substrate was then washed with acetonitrile. Scanning tunneling microscopy images of the 

surface after the reaction (Figure 4.4a,b) show that the molecules formed ordered structures on the 

surface, which are not observed for 1-decaboranethiol SAMs. We note that the heat of the reaction 
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on the surface can have a substantial effect on ordering (or disordering) reactions of monolayers 

or inserted molecules, as we have previously observed in a number of systems.13,22,24 

Fourier transforms of the images in Figure 4.4a,b yield nearest neighbor spacings of 

5.04 ± 0.09 Å. The structure is consistent with the (√3 × √3)R30° lattice, which characterizes the 

structure formed by alkanethiols and ordered terminal alkynes4 on Au{111}, but is substantially 

more dense than typical carboranethiolate SAMs.23 Such results indicate that the ordered SAMs 

we observed are formed purely by 4p1b and 1-decaboranethiolate molecules were driven away 

after reaction with 4p1b. The complete removal of 1-decaborane molecules was further confirmed 

by X-ray photoelectron spectroscopy (XPS) analysis. The XPS data in Figure 4.5a show that there 

is no boron left on the surface indicating that 1-decaboranethiolates were completely substituted 

by 4p1b after the reaction. 

Detailed analysis of the O 1s spectrum (Figure 4.5b) shows two peaks with binding energies of 

533.2 eV and 531.2 eV, indicating that oxidized species (carboxyl group) exist on the surface. 

Deconvolution of C 1s spectrum (Figure 4.5c) gives two peaks with binding energies of 285.5 eV 

and 284.3 eV, which we assign to carbon atoms of the aromatic ring. The signal representing 

carbon atoms in oxidized species at 288 eV is negligible, suggesting that the defects observed in 

the STM images in Figure 4.4 might be formed by these oxidized species. 

In order to test and to understand the substitution process, we immersed a 1-decaboranethiol 

SAM prepared on Au{111} in pure acetonitrile for 24 h at 82 ℃; the STM images characterizing 

the surface are shown as Figure 4.6a,b. Also shown in Figure 4.6 are the images for the surfaces 

where the substitution of 1-decaboranethiolate with 4p1b was carried out for 24 h (Figure 4.6c,d) 

and 48 h (Figure 4.6e,f), respectively. The roughness of the SAM increased after 
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1-decaboranethiolate reacted with acetonitrile (Figure 4.6a,b), but the SAM remained disordered 

(cf. Fig. 4.2). We assign the evenly distributed protrusions to the acetonitrile decaborane adducts 

formed by the reaction between basic acetonitrile and the acidic bridging H atoms of the open 

decaborane cage. 

Figure 4.6c,d shows the surface after 1-decaboranethiol SAM was reacted with 4p1b for 24 h. 

There are regions of the surface with different apparent heights in STM images, and the shapes of 

the regions are irregular. Such patterns are not observed on the surface after the reaction with 4p1b 

took place for 48 h (Figure 4.6e,f), where the regions with greater apparent height appear to be 

relatively intact. The differences in the surface patterns indicate that the substitution of 

1-decaboranethiolate by 4p1b starts randomly on the surface and proceeds until all 

1-decaboranethiolate molecules have been replaced.17,18 

In order to test if the ordered structures of 4p1b were formed because of the reaction followed 

by the substitution of 1-decaboranethiolates, we performed a control experiment where the 

1-decaboranethiol SAM was immersed in 0.02 M ethanol solution of 4p1b for 24 h at 78 °C. 

Scanning tunneling microscopy images characterizing the surface are shown in Figure 4.7a,b. No 

ordered structure was observed in the STM images, which means that 4p1b molecules can only 

form ordered SAMs after reacting with 1-decaboranethiol SAMs. We assign the protrusions 

scattered on the surface in Figure 4.7a,b to 4p1b molecules inserted into the evenly distributed 

pinhole defects in 1-decaboranethiol SAMs. 

We also immersed clean Au{111}/mica substrate in 0.02 M acetonitrile solution of 4p1b for 

48 h at 82 ℃ to see if 4p1b itself can form ordered SAMs in air. As seen in the STM images of the 

surface in Figure 4.7c,d, we observe strip-like structures formed along different directions, which 
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are not found in the STM images of the ordered 4p1b SAMs in Figures 4.4 and 4.6e,f. Such strip 

structures can be explained by previous reports that the AuC≡CR bond can be oxidized by O2 

during the SAMs formation and the molecules then lie flat on the surface.4,6 The absence of strip 

structures in the ordered 4p1b SAMs in Figures 4.4 and 4.6e,f indicates that the gradual reaction 

and substitution of 1-decaboranethiol SAMs facilitates the formation of highly ordered 4p1b 

SAMs. 

The substitution process was also characterized by grazing incidence FTIR. 1-Decaboranethiol 

SAMs were prepared on Au{111} on Si substrates and the substitution was carried out by 

immersing the samples in 0.02 M acetonitrile solution of 4p1b for 24 h and 48 h separately at 

82 ℃. Examples of the FTIR spectra for both substrates and for pure 1-decaboranethiol SAM are 

shown in Figure 4.8a. A spectrum for the surface prepared by immersing clean Au{111}/mica in 

the same solution at 82 ℃ for 48 h is also shown in Figure 4.8a for comparison. The method we 

use is more sensitive to the fingerprint region;6 so, in the 1-decaboranethiol SAM spectrum, the 

intensity of the peak at 2550 cm-1, which represents the B-H stretching vibration is small compared 

to the bridging hydrogen peak (B-H-B) at 1450 cm-1.25 From the spectra characterizing the surfaces 

after 24 and 48 h substitution, we observe a new peak at 1650 cm-1, and the intensity of the broad 

peak at 1450 cm-1 decreased after 24 h substitution and disappeared after 48 h substitution. 

Through the 4p1b direct deposition spectrum, we assign the peak at 1650 cm-1 to the aromatic ring 

stretch of 4p1b. The results suggest that the substitution occurs gradually, which corresponds to 

the STM images characterizing the process in Figure 4.6. 1-Dodecane-d25-thiol SAM was used as 

the background to obtain the IR spectra, and the negative peaks at ~2200 cm-1 are due to the 

stretches of C-D bonds. However, there is a signal in the 48 h substitution spectrum at ~2200 cm-1 



97 

 

that overlapped with the background C-D stretching. In order to extract the information, we used 

1-decaboranethiol SAM as background to obtain the same spectrum again, shown in Figure 8b. 

We assign the two peaks at 2206 and 2163 cm-1 as the stretch of the alkynyl group, suggesting that 

most of the alkynyl groups are not oxidized during the substitution of 1-decaboranethiolate, which 

results in the highly ordered SAMs observed by the STM. 

4.4 Conclusions and Prospects 

In this study, we characterized the reaction between 1-decaboranethiol SAM and 

4-phenyl-1-butyne on Au{111} surface by STM, XPS, and FTIR. We observed a (√3 × √3)R30° 

lattice on Au{111} after exposure of 1-decaboranethiol SAMs to 4p1b. X-ray photoelectron 

spectroscopy results suggest that 1-decaboranethiolate molecules were completely substituted by 

4p1b molecules after the reaction; control experiments indicate that the complete substitution of 

1-decaboranethiolate only happens in acetonitrile solution so the reaction between 

1-decaboranethiolate and alkynyl group is necessary for the displacement process. Scanning 

tunneling microscopy results and IR spectra also show that the substitution of 1-decaboranethiolate 

moieties by 4p1b starts at random sites on the surface and proceeds until all the 

1-decaboranethiolate molecules are completely removed. This process provides a facile way to 

fabricate highly ordered terminal alkyne SAMs in air that cannot be achieved through direct 

deposition of alkynes. The 4p1b solution after the substitution is also worth testing further since 

our results indicate that o-carboranethiolate molecules were desorbed from the surface after the 

reaction and should be in solution. Furthermore, the evenly distributed defects in the 

1-decaboranethiol SAM provides the possibility of inserting other molecules and fabricating 

blended SAMs on the surface.14,16,19,26,27  
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Figure 4.1. Molecular structure of (a) 1-decaboranethiol and (b) 4-phenyl-1-butyne. 
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Figure 4.2. Scanning tunneling microscopy images of 1-decaboranethiol self-assembled 

monolayers at the scales of (a) 100 nm × 100 nm and (b) 30 nm × 30 nm on Au{111}. All images 

were collected at a sample bias of +1.00 V and a tunneling current of 12.0 pA. 
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Figure 4.3. (a) Molecular structure of 1-decaboranethiol viewed from different angles. (b) 

Diagram explaining the formation of vacancies in self-assembled monolayers of 

1-decaboranethiol. 
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Figure 4.4. Scanning tunneling microscopy images of 1-decaboranethiol self-assembled 

monolayer after reaction with 4-phenyl-1-butyne in acetonitrile at the scale of (a) 30 nm × 30 nm 

and (b) 15 nm × 15 nm. The inset shows the Fourier transform of (b) from which the nearest 

neighbor spacing was calculated. All images were collected at a sample bias of +1.00 V and a 

tunneling current of 12.0 pA. (c) Scheme of the (√3 × √3)R30° lattice. 
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Figure 4.5. X-ray photoelectron spectra of 1-decaboranethiol self-assembled monolayer after 

reaction with 4-phenyl-1-butyne for 48 h in acetonitrile for (a) B 1s, (b) O 1s, and (c) C 1s. 
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Figure 4.6. (a,b) 1-decaboranethiol self-assembled monolayer (SAM) reacted with acetonitrile at 

82 ℃ for 24 h. (c,d) 1-decaboranethiol SAM reacted with 4p1b at 82 ℃ for 24 h. (e,f) 

1-decaboranethiol SAM reacted with 4p1b at 82 ℃ for 48 h. All images were collected at a sample 

bias of +1.00 V and a tunneling current of 12.0 pA.  
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Figure 4.7. (a,b) Scanning tunneling microscopy images of 1-decaboranethiol self-assembled 

monolayers (SAMs) immersed in ethanol solution of 4p1b at the scale of 100 nm × 100 nm and 

30 nm × 30 nm. (c,d) Scanning tunneling microscopy images of 4-phenyl-1-butyne SAMs directly 

deposited on Au{111} at the scale of 30 nm × 30 nm and 10 nm × 10 nm. All images were collected 

at a sample bias of +1.00 V and a tunneling current of 12.0 pA. 
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Figure 4.8. (a) Fourier transform infrared spectra of: 1-decaboranethiol self-assembled 

monolayers (SAMs) on a gold surface (green line), 1-decaboranethiol SAMs substituted by 

4-phenyl-1-butyne for 24 h (blue line) and 48 h (red line), and 4-phenyl-1-butyne SAMs prepared 

by direct deposition on clean gold surface in air (black line). (b) Fourier transform infrared 

spectrum of 1-decaboranethiol SAMs substituted by 4-phenyl-1-butyne for 48 h obtained using 

1-decaboranethiol SAMs as background. 
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CHAPTER 5 

Summary and Outlook 
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5.1 Characterization of Photo-Induced Charge Distribution at the Single-Molecule Level 

Combining laser illumination and scanning tunneling microscopy (STM) provides a way to 

characterize the photo-response of molecules and nanomaterials with nanometer-scale resolution 

in real time and space. In Chapter 1 of this thesis, a custom-built laser-assisted STM that functions 

at ambient conditions and room temperature has been introduced. Laser illuminations are 

frequency modulated and incorporated into the tunneling junction through total internal reflection 

to minimize the thermal effect. Phase-sensitive detection on the tunneling current is conducted 

using a lock-in amplifier during the raster scan to generate maps of photo-induced carriers. The 

thermal effect of the evanescent illumination is tested with n-dodecanethiol (C12) self-assembled 

monolayers (SAMs) and is used to determine whether the lasers are illuminating the raster scan 

area properly. The reference phase of the lock-in amplifier is adjusted based on the thermal effect 

signals so that the phase shift of thermal expansion signal is 0° at positive sample bias and 180° at 

negative sample bias. In this case, the magnitude of in-phase signal is maximized the magnitude 

of quadrature signal is minimized. In-phase signals are used in spectroscopic images to represent 

photoelectron densities since it depends on the polarity of the sample bias. It has also been 

demonstrated in Chapter 1 that, in C12 SAMs, areas with higher apparent height correspond to 

higher thermal expansion signals. Such information can be used to differentiate photo-induced 

charges and thermal expansion signals in other systems. 

In Chapters 2 and 3, we present our studies on photoactive molecules using the custom-built 

laser-assisted STM. Two strategies involving highly ordered SAMs have been used for STM to 

get molecular resolution under ambient conditions and room temperature. C60-tethered 

2,5-dithienylpyrrole triads (C60 triads) are isolated in C12 SAMs while titanyl phthalocyanine 
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(TiOPc) molecules can self-assemble into two different lattice structures (hexagonal and 

rectangular) on Au{111}. Using our spectroscopic imaging method, we have visualized the 

distribution of photo-induced electrons and holes in single C60 triad molecules, which is absent for 

matrix and control molecules. Our data show that the conformation of C60 triads can affect the 

generation efficiency of photo-induced carriers. The photo-response of TiOPc SAMs is also 

characterized by our laser-assisted STM. We found out that TiOPc molecules in hexagonal lattices 

can be activated by both 633 nm and 780 nm light. The electron density changes in TiOPc 

molecules upon activation is in accordance with theoretical results. However, the photo-response 

of TiOPc molecules in rectangular lattices is different from that in hexagonal lattices and not 

correspond to theoretical predictions. Our tentative explanation is that TiOPc molecules in 

rectangular lattices cannot be activated by 633 nm or 780 nm light, indicating that the packing 

arrangement of TiOPc can influence its optical properties. Our study also shows that the 

photo-induced carrier generation efficiency of TiOPc can be affected by local environment such 

as surface morphology. 

The laser-assisted STM demonstrated in this thesis can be used as a powerful diagnostic tool for 

photoactive molecules and nanostructures. By anchoring and isolating photoactive molecules in 

well-defined SAMs on gold or exploring highly ordered photoactive molecular assemblies, we can 

study single-molecule photon absorption at ambient conditions and obtain information that is 

relevant to real application systems. Such information may have been neglected or lost by 

traditional characterization methods due to the averaging or integrating measurements at the 

ensemble level. With knowledge of the factors that can influence the distribution of 
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photo-generated carriers in single molecules, we can better engineer improved photoactive 

molecules or local environments to achieve more efficient photovoltaic or optoelectronic devices. 

5.2 Properties of 1-Decaboranethiolate Self-Assembled Monolayers 

1-Decaboranethiol can form disordered SAMs on Au{111} with evenly distributed defects. We 

have been able to insert n-dodecanethiol molecules in these defects and obtained molecular level 

mixed SAMs (Figure 5.1). The inserted molecules are evenly distributed and well isolated by 

1-decaboranethiolate molecules. Potential reactivity of the decaborane group suggests that with 

1-decaboranethiolate SAMs, we may be able to attach electron donor/acceptor functional groups 

on the surface after the insertion of electron acceptor/donor molecules and achieve molecular level 

mixed p-n junctions. However, while studying the reactivity of the 1-decaboranethiolate 

molecules, we found out that the reaction between 1-decaboranethiolate and 4-phenyl-1-butyne 

(4p1b) can result in the displacement of the 1-decaboranethiolate molecules and highly ordered 

SAMs of 4p1b. The displacement process was characterized by STM, grazing incidence Fourier 

transform infrared (FTIR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). Results 

from STM and FTIR suggest that the process happens gradually and XPS results confirm the total 

substitution of 1-decaboranethiolate. This process provides a way to fabricate highly ordered 

terminal alkyne SAMs in air that cannot be achieved through direct deposition of alkynes. Other 

reactions of 1-decaboranethiolate that proceed less harshly are still worth exploring as unique 

surface modification methods. 

5.3 Potential Novel Photoactive Systems for Laser-Assisted Scanning Tunneling Microscopy 

Laser-assisted STM techniques have been used to study the electronic and optical properties of 

semiconducting nanomaterials to obtain fundamental information on how to modify and apply 
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these systems.1-7 We are investigating novel thin-film nanomaterials as candidate objects for our 

laser-assisted STM. One potential class of materials are metal-organic chalcogenolate assemblies 

(MOCHAs) since they can be distributed or grown in situ on conductive surfaces and they are 

atomically flat and thus suitable for STM analysis. Recently, a MOCHA material, silver 

benzeneselenolate (Mithrene) has been discovered and studied.8,9 It has been shown that Mithrene 

can be synthesized through the tarnishing process of silver metal with diphenyl diselenide 

(DPSe).10 We adopted this synthetic method to prepare Mithrene on sapphire/Au/Ag substrates. 

Thin Ag films (5 nm) were deposited on sapphire prism-supported Au{111} substrates at 300 ℃ 

and an evaporation rate of 0.11 Å/s. Mithrene can be prepared by sealing such silver substrates 

with solid DPSe in a vial and heating the system at 80 ℃ for 3 days (Figure 5.2). Scanning electron 

microscopy images of the substrates in Figure 5.3 show that we have successfully synthesized 

thin-film Mithrene on the surface. The square shape and darker color of Mithrene make it 

straightforwardly distinguished from the substrate. We can see that Mithrene is evenly distributed 

on the surface but there can be a 1-2 μm gap between neighboring Mithrene, making it difficult to 

locate with STM. Preliminary STM data are presented in Figure 5.4, which are consecutively 

collected STM topographic images of the same area under 405 nm laser illumination (5 mW). We 

can see from Figure 5.4 that the presented area decomposed during the data collection period. Such 

decomposition can be due to the strong intensity of the laser since no large-scale decomposition 

has been observed in photoluminescence experiments.9,10 The laser power and scanning conditions 

need to be optimized for photocurrent measurements. Furthermore, scanning tunneling 

spectroscopy is a promising method to characterize the band gap of Mithrene and to determine the 

energy conversion efficiency in Mithrene upon optical activation.  
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Figure 5.1. Scanning tunneling microscopy images of n-dodecanethiol molecules inserted in 

1-decaboranethiol self-assembled monolayers at the scales of (a) 100 nm × 100 nm and (b) 30 nm 

× 30 nm on Au{111}. All images were collected at a sample bias of +1.00 V and a tunneling 

current of 12.0 pA. 
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Figure 5.2. Scheme showing the synthesis of Mithrene on sapphire/Au/Ag substrate. 
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Figure 5.3. (a,b) Scanning electron microscopy images of Mithrene on sapphire/Au/Ag substrate. 
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Figure 5.4. (a-f) Consecutively collected scanning tunneling microscopy (STM) topographic 

images showing the decomposition of Mithrene under 405 nm laser illumination. Figure (a) and 

(f) are collected without illumination. Figure (b-e) are collected under 405 nm laser illumination 

(5 mW). All STM images were collected at a sample bias of -1.00 V and a tunneling current of 

12 pA. 
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