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ABSTRACT 

 

We explore functional molecules and assemblies on substrates.  We induce 

motion, structural changes, and electronic changes in molecules and assemblies, which 

we measured using novel instrumentation. 

We have controlled photo-induced isomerization of single azobenzene-

functionalized molecules isolated in tailored n-alkanethiolate self-assembled monolayer 

matrices.  We engineered the molecular design to suppress excited-state quenching from 

metal substrates and to form rigid assemblies of single tethered azobenezene molecules in 

the domains of the monolayer to limit steric constraints, and tip-induced and stochastic 

switching effects.   

We prepared one-dimensional chain assemblies of azobenzene-functionalized 

molecules in the domain boundaries of n-alkanethiol matrices.  We switched the chains of 

molecules from trans to cis using UV light and observed that the molecules in the chains 

isomerize in concert.  This concerted switching was attributed to electronic coupling 

between the molecules within the chains.  We employed electron-induced isomerization 

of azobenzene in the chains and established that π-orbital overlap of the molecules in the 

one-dimensional chain structures enables the electrons to delocalize along the chain. 

We created assemblies of redox-active bistable rotaxane molecules on microscale 

levers to produce forces that bend the levers reversibly and generate microscale motion.  

Assembled rotaxane molecules generate cooperative forces, much like artificial 

molecular muscles, and constitute a seminal step toward molecular-machine-based 

nanoelectromechanical systems.  We also controlled the conformational changes in 

rotaxanes at the single-molecule level and observed that conformational changes correlate 
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with the known redox states of rotaxanes.  We observed that mechanical motions of these 

molecules are strongly influenced by their interactions with the surface and with 

neighboring molecules.   

Assemblies of double-decker molecules, having two parallel porphyrin or 

phthalocyanine rings connected by rare earth metal cations, were created to study both 

rotary motion dynamics of isolated double-deckers, and the collective interactions of 

ensembles whose rotors interact as intermeshed gears.  We demonstrate the ability to 

control the placements in arrays by lateral manipulations using a scanning tunneling 

microscope probe tip.   

These studies demonstrate our abilities to create and to place isolated functional 

molecules and their assemblies.  We are able to induce and to understand motion and 

structural and electronic changes in these nanoscale machineries assembled via bottom-

up techniques. 
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Chapter 1 

 

CONTROLLING AND IMAGING MOLECULAR ASSEMBLIES 
 

 

1.1 Introduction 

Inspired by the inherent promise and opportunities in nanotechnology, the 

scientific community has been attempting to decrease the characteristic length scales that 

define mechanical, electronic, and other devices [1,2].  This has driven tremendous 

progress in new techniques for the assembly and construction of devices and machines 

with functional components based on nanoscale building blocks.  Remarkable advances 

have been achieved in chemical synthesis, nanoscale assembly, and molecular control 

and measurements that have enabled the development of molecular-scale machines [3-

12].  Ultimately, success at miniaturization will make machines at the molecular level 

operate with the macroscopic concepts of motion.   

A molecular machine or electronic device consists of a discrete number of 

molecules or other nanoscale components, each capable of performing mechanical 

movements or undergoing electronic property changes in response to external stimuli 

[13,14].  Nanoscale devices can be as simple as a single molecule undergoing 

mechanical/electronic changes; they also may work hierarchically or together in concert 

to perform complex functions, as in biological systems.  These molecular devices, like 

macroscopic systems, need to be powered by electrical [3,6,15], chemical [4,16], 

electrochemical [17], or optical [18-21] means.   
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Functional molecules that can either change conductivity or move with external 

stimuli are ideal for molecular motors or molecular electronics.  Significant effort has 

been made to design and to synthesize such molecules [4,22-25].  These functional 

molecules, if to be used in actual devices, need to be put at interfaces or in other 

nanoscale environments where we can restrict their degree of freedom and direct their 

motion to generate useful work.  Arranging functional molecules and their assemblies on 

substrates provides technologically relevant test conditions [26,27].  Substrates can be 

designed to restrict motion and give direction to the motion of molecules.  A major 

challenge for this kind of research includes not only synthesizing molecules and 

fabricating precise assemblies in controlled environments, but also accessing their 

properties and functions at the molecular and nanometer scales.  Scanning probe 

microscopy techniques have proven to be very significant in control and measurements of 

molecular electronics and molecular motors.   

This dissertation explores the design of molecules and their assemblies on 

substrates.  Novel instrumentation has been developed and employed to understand 

motion and structural changes in single molecules and their directed assemblies.  We will 

discuss how we have designed molecules and created nanoscale environments to control 

photo-isomerization of single-isolated molecules on a Au{111} surface.  The photo- and 

electron-induced isomerization of one-dimensional molecular assemblies was also 

studied.  Further, we used molecular motion of artificial molecular-muscles to generate 

large forces on the macroscopic scale.  Single-molecule insights of the motion of artificial 

muscle molecules help us design more efficient molecules. The remainder of this chapter 
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will introduce self-assembly techniques and discuss various scanning tunneling 

microscopy (STM) instrumentation, including electrochemical STM (ECSTM). 

 

1.2 Self-Assembled Monolayers 

In the 1940’s, Zisman et al. discovered that an alkanoic acid could self-organize 

into a monolayer on a clean platinum surface driven by chemisorption from the solution 

phase [28].  Monolayers prepared by this method are called self-assembled monolayers 

(SAMs).  These monolayers provide a simple route to engineer the surface properties of 

metals, semiconductors, and other materials.  These are spontaneously formed organic 

assemblies directed by the chemical and physical properties of the molecules [29].  

Chemically functionalized headgroups of molecules or ligands that form SAMs have a 

specific affinity for a substrate that typically enables them to displace adsorbed 

adventitious materials.   

A number of headgroup/surface combinations have been studied, such as ROH/Si, 

RCOOH/Ni, and R(PO4)2-/TiO2 [29].  However, the most widely characterized systems 

are alkanethiolates adsorbed on Au{111} substrates [30-32].  Alkanethiolate SAMs on 

Au{111} are well ordered and highly stable due to the strong gold-sulphur bond  

(~44 kcal/mol) and the stabilizing van der Waals forces (~1 kcal/mol per methylene unit) 

between adjacent alkyl chains.  Alkanethiolate SAMs are easy to prepare and are of high 

structural order [29].  These monolayers can serve as templates for area-selective 

deposition of metals and a variety of guest molecules.  Since one can tailor the interaction  
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Figure 1.1: (A) Scanning tunneling microscopy image of a n-dodecanethiolate (C12) 
SAM assembled on a Au{111} substrate. Defects within the monolayer are inherent to 
the assembly and include substrate step edges (red arrows), substrate vacancy islands 
(teal arrows) and boundaries between of the alkanethiolate domains (green arrows). (B) 
Schematic of the packing of a C12 monolayer showing the tilt of the molecules. Carbon 
is represented by black circles, H by white, S by purple and Au by yellow. The 
alkanethiolate molecules are bound to the surface through a S-Au bond. (C) The SAMs 
pack on the surface in a (√3 × √3)R30° lattice (red) relative to the underlying Au lattice 
(black).  Image is recorded with sample bias (Vs) = -1 V and tunneling current 
(It) = 2 pA. 
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between SAMs and other molecules or particles by modifying the terminal groups, they 

have been used for many types of molecular assemblies, including molecular electronics 

and mechanical devices discussed here. 

A representative STM image of an n-dodecanethiolate (C12) SAM deposited on 

Au{111} is shown in Figure 1.1A, where arrows highlight the characteristic features of 

C12 SAMs.  This imaged SAM includes several key features, such as substrate defects, 

including substrate step edges (red arrows), substrate vacancy islands, domains, and 

domain boundaries.  Step edges are boundaries between terraces of the gold substrate that 

differ in height by one or more Au atom.  Substrate vacancy islands (teal arrows) are one 

Au atom deep substrate defects formed through Au{111} substrate reconstruction.  

During solution deposition, n-alkanethiol molecules reorganize the surface energy, and 

Au atoms get ejected from the surface to reconstruct into a different lattice [33].  

Domains of C12 and domain boundaries between two converging structured areas are 

shown (brown and green, respectively) [34-37].  The alkyl chains arrange with a 

molecular tilt angle of ~30̊ with respect to the Au surface normal to maximize the van 

der Waals interactions [31,38,39].  Sels-assembled monolayers with short chain n-

alkanethiols generally form a close-packed (√3 × √3) R30° lattice with respect to the 

underlying Au{111} lattice (Figure 1.1B,C).  However, in longer chains (>10 Carbon) 

due to the changing intermolecular and the sulfur-gold interactions, another close-packed 

superlattice 𝑐𝑐(4×2) exists [31,40-42].  The lattice spacing for the alkanethiolate SAMs is 

4.99 Å [31]. 
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1.2.1 Insertion into Self-Assembled Monolayers 

To create isolated single molecules within host SAM matrices, we use a strategy 

to insert molecules that primarily adsorb in the defect sites of SAMs.  For example, this 

strategy allows us to measure the conductivity of  molecules inserted into SAM matrices 

[43].  We study single molecules individually and compare them to the ensemble 

measurements.  Thus, we gain an understanding into the interplay of single molecules 

working collectively to the properties of bundles of molecules, or to the creation of 

assemblies.  The schematic in Figure 1.2B shows the insertion strategy used in parts of 

this dissertation.  Specific molecules that were used for insertion, as well as their 

concentrations, will be given within the relevant chapters.  First, n-alkanethiolate 

matrices are created with varying degrees of ordering in the matrix, which depends on the 

time allowed for assembly (Figure 1.2A).  Longer assembly times lead to higher degrees 

of order, while shorter assembly times result in more defect sites.  Insertion is usually 

achieved through solution deposition, and large numbers of defects in SAM matrices 

enable higher insertion [44-48].  Next, the preformed SAMs are placed in a solution 

containing the molecules to be inserted (Figure 1.2B).  When the inserted molecules are 

imaged with STM, they may appear as protrusions from the host SAM, as shown in 

Figure 1.2D. 
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Figure 1.2: (A) Schematic of the SAM solution assembly.  Gold substrates are placed 
into ethanolic solutions containing alkanethiol molecules resulting in an alkanethiolate 
SAM deposited on the substrates.  (B) Schematic of insertion, which is performed by 
placing the Au{111} substrate with the preformed SAM into a solution containing the 
molecules to be inserted.  (C) Schematic of co-adsorption, which is performed by placing 
the Au{111} substrate in mixture of total two thiols with a molar ratio of 1:4.  The lower 
concentration molecules are placed within the domains of matrix.  (D) Scanning 
tunneling microscopy image of an alkanethiolate SAM with molecules inserted at defect 
sites.  (E) Scanning tunneling microscopy image of an alkanethiolate SAM with 
molecules co-adsorbed within domains.  (Vs = -1 V; It = 2 pA) 
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1.2.2 Co-Adsorption into Self-Assembled Monolayers 

A mixture of molecules in solution can form multi-component SAMs [40,49].  

The ordering of the resulting matrix after solution deposition of mixed species can form a 

variety of monolayer depending on the nature and concentration of the molecules being 

assembled.  For example, mixed monolayers prepared from two types of n-alkanethiolate 

molecules with similar lengths but different pendant functionality form phase-segregated 

SAMs separated as domains of common pendant functionality [50,51].  Isolated single 

molecules can also be formed by co-adsorption (Figure 1.2C).  The molecule in need of 

isolation should have a similar headgroup structure, so that it is compatible with the 

matrix.  Using this strategy, the molecules are adsorbed within the domains of the matrix, 

unlike the insertion process (Figure 1.2E).  The details of the molecule combinations are 

discussed in relevant chapters. 

 

1.3 Scanning Tunneling Microscopy 

Since the invention of STM in 1981 [52-54], it has developed into an invaluable 

tool for probing and understanding interactions and electronic structures on surfaces.  

STM is used to determine atomic arrangements of a flat conducting or semiconducting 

surface by rastering with an atomically sharp tip and thus rendering real-space images.  It 

is one of a family of several scanning probe microscopy techniques involving a local 

probe in proximity to the surface.  Many books [55,56] and reviews [53,54,57] have been 

written to describe its development, theory, and use in detail.  In this chapter, we will 

introduce the theory of imaging in air and liquid environments.   
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Figure 1.3: (A) An energy level diagram for a one-dimensional (1D) electron tunneling 
junction.  The EF of the tip and sample are offset by the applied bias voltage, V.  The 
resultant current is exponentially proportional to the distance between the sample and the 
tip (z).  LDOS = local density of states, Φ = work function of the metal.  (B) Schematic of 
a STM tip rastering across a metal surface in constant current mode, where the tip is 
extended and retracted maintaining a constant tunneling current between tip and sample. 
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1.3.1 Scanning Tunneling Microscopy Operation 

In STM an atomically sharp probe tip, usually made of W or Pt-Ir alloy, is 

brought in close proximity (3-10 Å) to a substrate using a piezoelectric transducer.  At 

these distances, the electron wavefunction of the tip overlap with the electronic 

wavefunction of the surface.  By applying a voltage across this junction, the electrons 

quantum mechanically tunnel through this classically forbidden potential energy barrier.  

A one-dimensional (1D) energy level diagram of this process is depicted in Figure 1.3.  

The polarity of the bias voltage will determine the path of the tunneling electron.  For 

example, if a positive voltage is applied across the tip and the sample, electrons will 

tunnel from the occupied Fermi level of tip (EF,tip) to the unoccupied levels of the sample 

(EF,sample) (Figure 1.3).  By changing the bias polarity, electron flow occurs in the 

opposite direction (from sample to tip).   

In classical mechanics, an electron with energy E moving in a potential barrier 

U(z) is forbidden to cross the barrier when E < U(z).  However, in quantum mechanics, 

electrons have a non-zero probability to cross through the barrier when E < U(z).  The 

wavefunction (ψ) of an electron in a one-dimensional tunneling junction with a 

rectangular potential barrier is defined by: 

𝜓𝜓(𝑧𝑧) = 𝜓𝜓(0)𝑒𝑒−𝜅𝜅𝑧𝑧 ,     1.1 

where 

𝜅𝜅 = �2𝑚𝑚(𝑉𝑉−𝐸𝐸)
ℏ

,     1.2 

z is the tip-sample separation, m is the mass of an electron, V is the barrier potential, E is 

the energy of the tunneling electron, and ℏ is Planck’s constant.  The probability 
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distribution of the electron is proportional to the square of the wavefunction giving a 

tunneling current I:  

𝐼𝐼(𝑧𝑧) ∝ |𝜓𝜓(𝑧𝑧)|2 ∝ 𝑒𝑒−2𝜅𝜅𝑧𝑧 .    1.3 

For small biases, the exponential current decay is about an order of magnitude per Å 

change in z because the quantity (V-E) can be approximated as the work function (Φ) of 

the metal.  Because of this, the STM is very sensitive (tenths to thousandths of 

Ångstroms) to both lateral and vertical changes in topography [58,59].   

The STM can image the surface by rastering the probe tip in one of two modes: 

constant-current or constant-height.  In constant-current mode, a feedback loop is 

employed to maintain a constant tunneling current.  The tip height, mounted on the 

piezoelectric tube, responds to changes in topography.  Thus, the recorded topographic 

image is a convolution of the geometric structure and the local density of states (LDOS) 

of the tip or sample.  In constant-height mode, the probe tip stays at a constant height 

while rastering across the surface and records the resulting current, It.  The experiments 

discussed throughout this dissertation were performed in constant-current mode. 

 

1.4 Electrochemical Scanning Tunneling Microscopy 

Although originally developed for studies under vacuum and ambient 

environments, STM quickly found applications in in-situ probing of electrochemical 

interfaces [60].  For ECSTM, the tip generates a faradaic current that is dependent on the 
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Figure 1.4: Schematic of ECSTM. A bipotentiostat is used to control electrode potential 
in a four-electrode setup, including CE: counter electrode, RE: reference electrode.  
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tip potential.  The faradaic current from a bare metallic tip overwhelms the tunneling 

current.  Therefore, it is necessary to coat the tip, except the apex, with an insulating 

material (Figure 1.4) [60].  Another important feature of ECSTM is that a bipotentiostat 

is required to control the potential of the tip and the potential of the surface independently 

(Figure 1.4).  Therefore, the tip bias is the difference between the potentials of the tip and 

the surface.  It turns out that if cleanliness of samples and electrolytes is maintained, 

ECSTM is often capable of resolution significantly better than that under ambient 

environments and even comparable to that achieved under ultra-high vacuum. 

 

1.5 Dissertation Overview 

The research that is described in this dissertation is primarily related to the design 

of molecules and their assemblies on substrates for their application in molecular 

electronics and molecular motors.  Novel instrumentation has been employed to 

understand motion and structural changes in single molecules and their directed 

assemblies.   

We have studied photo-induced isomerization of single azobenzene-

functionalized molecules isolated in tailored n-alkanethiolate SAM matrices on Au{111} 

(Chapter 2).  Using molecular engineering, we are able to suppress excited-state 

quenching from the metal substrate and form rigid assemblies of single tethered 

azobenezene molecules in the domains of the monolayer to limit steric constraints, as 

well as tip-induced and stochastic switching effects. 

In Chapter 3, we prepared one-dimensional (1D) chain structures of these 

molecules in the domain boundaries of n-alkanethiol matrix.  We switched the chain 
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structure from trans to cis using ultraviolet (UV) light and observed that the molecules in 

the chain isomerize in concert.  Molecules in the chain couple electronically.  To 

demonstrate the extent of the electronic coupling, we employed electron-induced 

isomerization of azobenzenes to demonstrate that electrons can propagate between the 

two ends of the chains.   

To develop molecular machines, molecules that can undergo restricted motion 

upon external stimuli to generate useful work are necessary.  For example, rotaxane 

molecules are a model system of artificial muscle that responds to electrochemical 

potential changes.  In Chapter 4, redox-controllable, bistable rotaxane molecules 

(artificial molecular muscles) are coated on microcantilevers and subjected to alternating 

oxidizing and reducing electrochemical potentials to deflect the microcantilevers 

reversibly.  

Using ECSTM, we observed electrochemically controlled station changes of 

individual bistable rotaxane molecules in situ (Chapter 5).  Motions of the movable rings 

were correlated with redox states of one of the resting stations and displayed partial 

reversibility.  Such insights are important for nanoelectromechanical and nanoelectronic 

devices based on mechanically interlocked compounds.  We understand that bistable 

rotaxane molecules with rigid dumbbells should enable consistent and fully reversible 

motions, as well as direct visualization of the rings and the shafts of the molecules.   

Control of lateral arrangements of molecules in two-dimensional (2D) arrays and 

their exposed chemical functionalities is necessary for the development of molecular-

scale devices.  Preciseness in the distances between double-decker (DD) molecules is a 

key element in building functional arrays of DD-based molecular rotors.  In Chapter 6, 
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we demonstrate the ability to control the molecular placements in DD arrays using 

pthalocyanine as bottom ligands on highly ordered pyrolytic graphite (HOPG) substrates.  

We used the probe tip of a liquid-cell STM to manipulate single DD molecules.   

The results of these projects are summarized and future prospects are discussed in 

Chapter 7. 
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Chapter 2 

 

REVERSIBLE PHOTO-SWITCHING OF SINGLE AZOBENZENE 
MOLECULES IN CONTROLLED NANOSCALE ENVIRONMENTS 

 
 

2.1 Introduction 

 In this chapter, we look at photo-induced isomerization of single azobenzene-

functionalized molecules isolated in tailored alkanethiolate monolayer matrices on 

Au{111}.  Using molecular engineering, we are able to suppress excited-state quenching 

from the metal substrate and to form rigid assemblies of single tethered azobenezene 

molecules in the domains of the monolayer to limit steric constraints, as well as tip-

induced and stochastic switching effects.  

A major challenge of molecular electronics is to design and to incorporate single 

molecules as transistors, diodes, or switches into circuits [6,61-64].  Molecular switches 

are typically regulated by an electric field [15,65,66], a scanning tunneling microscope 

(STM) tip [44,67-69], or by a chemical/electrochemical reaction [4].  These activation 

methods are relatively slow and may interfere with the function of nanosized circuits, 

which can impose limitations on device applications.  However, far-field illumination or 

other stimuli are more feasible driving factors to power nanoscale switches [3,19,21] 

because of the ease of addressability, picosecond response time, and compatibility with a 

broad range of ambient environments, such as solvents, electrolytes, or gases.  Therefore, 

photochromic molecules that can reversibly photo-switch between two different 

conductance states could serve as more practical molecular switches.   
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Azobenzenes, which can reversibly isomerize between cis and trans forms under 

photoillumination, have been studied to control their switching on metal electrodes [70-

72].  Other molecules that have been studied for their photochromic switching are 

diarylethenes [1,73,74] and stilbenes [75].  However, evidence of photo-induced 

switching of single molecules on metal electrodes is often complicated by surface 

quenching [71,74], steric hindrance, and non-photo-induced switching [44,46,68-

72,74,76,77].  In most single-molecule switching studies, active molecules have been 

attached at domain boundaries and vacancy islands of host alkanethiolate matrices.  Since 

molecules attached at domain boundaries and vacancy islands are loosely packed and less 

stable, they are influenced by fluctuations [44,46,69] and therefore switch randomly due 

to non-photo-induced effects.   

The development of a practical molecular-scale optoelectronic device will also 

require control over switching in ambient conditions (atmospheric pressure and room 

temperature).  However, such control over reversible switching has neither been achieved 

in ambient [70,72,74] nor under ultrahigh vacuum or cryogenic temperatures [71,78].  

Here, we report reversible photo-switching of azobenzene-functionalized single 

molecules (1) when assembled on Au{111}.  Control was achieved in ambient conditions 

by appropriately designing the tether and tuning the rigid assembly of the molecule to 

limit surface quenching and non-photo-induced switching effects.  

Surface quenching is dependent upon photo-induced electron transfer from an 

excited state of a photochromic molecule to the gold substrate [79].  If electronic 

coupling between the molecule and the substrate is strong, the excited state is quenched 

and isomerization does not occur.  To overcome this problem, Comstock et al. attached 
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tert-butyl legs to an azobenzene moiety to reduce coupling [71].  These molecules were 

irradiated for long periods (~3 hr) at cryogenic and ultrahigh vacuum conditions and yet 

only partial isomerization and one reversible switching event were observed.  

Furthermore, the events were convoluted by stochastic or tip-induced switching.   

Steric constraints of tightly packed matrices can restrict conformational changes, 

thus hindering isomerization in azobenzenes.  Pace et al. used a self-assembled 

azobenzene monolayer and irradiated the surface with UV light to observe 

photoisomerization [72].  Based on changes in contrast in the images, they concluded that 

there must have been photoisomerization of the monolayer.  They did not observe any 

changes in packing density, suggesting high steric hindrance that would restrict the 

conformational changes expected in the molecule upon isomerization.  We note that such 

contrast changes in STM images are also commonly produced by tip-induced effects 

[80,81].   

We designed an azobenzene-functionalized molecule, 4-[2-(4-phenylazo-phenyl)-

ethoxy]-butane-1-thiol (1, shown as the thiolate), to chemisorb within domains of 

1-decanethiolate (C10) self-assembled monolayers (Scheme 2.1) [82].  Rigid assembly of 

1 surrounded by C10 molecules minimizes conformational changes at and near the gold-

sulfur bond (as opposed to the case of molecules adsorbed at defects such as domain 

boundaries).  The molecular design renders stability due to favorable intermolecular 

interactions with the monolayer and reduces steric constraints and electronic coupling 

between the excited state orbitals of the molecule and the Au substrate.  The molecular 

tethering scheme allows the azobenzene moiety to protrude from the C10 matrix  
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Scheme 2.1: Isolated azobenzene-functionalized single molecules (1) embedded in 
1-decanethiolate (C10) SAM on Au{111}.  Photo-induced changes in apparent height of 
the azobenzene-functionalized molecules in STM images are due to isomerization of the 
azobenzene moiety between trans and cis, and are defined as ON (apparent height = 
2.1 ± 0.3 Å) and OFF (apparent height = 0.7 ± 0.2 Å) states, respectively, under typical 
scanning condition of Vs = -1 V and It = 2 pA. 
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(Scheme 2.1), minimizing electronic coupling and steric hindrance.  Previously, it was 

shown that electronic coupling can be reduced by increasing the length, replacing a 

methylene in the backbone with an ether linkage [83], and reducing the π-conjugation of 

the tether [43,82].  Hence, by minimizing steric hindrance, surface quenching, and non-

photoinduced switching effects, isolated molecules of 1 attached to Au{111} could be 

controlled and reversibly switched between ON and OFF states by irradiation under 

ambient conditions (vide infra).  We correlated these states with trans and cis isomers of 

the azobenzene, respectively.  

 

2.2 Experimental Procedure 

2.2.1 Sample Preparation 

Single molecules were prepared on Au{111} by including them in the domains of 

the C10 monolayer through co-assembly (Figure 2.1).  An ethanolic mixture of 1 and 

C10 were co-adsorbed with a total thiol concentration of 1 mM and a molar ratio of 1:4, 

respectively, for 24 hr under a nitrogen atmosphere.  The sample was then annealed in 

C10 vapor (for 2 hr at 80 °C) to add matrix molecules to increase the packing of the 

matrix [84].   

 

2.2.2 Scanning Tunneling Microscopy 

Please refer to Chapter 1 for a description of STM operation.  Here, the 

azobenzene-functionalized molecule (1), were analyzed using a custom-built scanning  
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Figure 2.1: Scanning tunneling microscopy image of isolated azobenzene-functionalized 
single molecules (1, white protrusions) embedded in a C10 SAM films on Au{111}.  For 
each molecule, extracted (black box) and background (red box) regions are automatically 
selected for each frame. The background corresponds to the SAM apparent height near 
the extracted molecule.  Apparent height of 1 is measured to be 2.1 ± 0.3 Å imaged under 
scanning condition of Vs = -1 V and It = 2 pA. 
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tunneling microscope, mounted with an optical fiber, operating under ambient conditions 

[82].  Successive STM images were acquired over the same area for several (up to 4) 

hours to determine the behavior of the molecules co-adsorbed with host matrices.  Many 

high-resolution time-lapse series of images have been recorded.  An optical fiber (5 mm 

diameter) is attached in the STM set-up to illuminate the sample in situ.  UV and visible 

light emitting diodes with peak emission wavelengths of 365 nm and 440 nm, 

respectively, were used as the light source.  Light intensities at the outlet of the optical 

fiber for sample illumination were ~12 mW/cm2 and ~6 mW/cm2 for UV and visible 

light, respectively.   

 

2.2.3 Apparent Height Determination 

Drift from thermal fluctuations and creep, due to the piezoelectric translators, can 

change the area imaged, so a tracking algorithm was used to correct for drift during 

acquisition and for post-acquisition analyses [45].  Several azobenzene-functionalized 

molecules were present in the STM image within domains of the matrix.  Figure 2.1 

shows a 50 × 50 nm2 each area with a single molecule highlighted (black box) to 

illustrate our data extraction procedure. A second box (adjacent, red box) was extracted, 

proximate to the molecule of interest, to maintain a consistent background. The median 

of the top five pixel values for each extracted frame of the inserted molecule determined 

the raw imaged height of the inserted molecule. The smaller extracted SAM background 

area was selected to contain neither substrate vacancies nor step edge sites. The mean 

value of this extracted area was used as the background. The difference between the raw 

extracted height of the molecule and the background yielded the apparent height, thereby 
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reducing background variations in the apparent height due to the local environment of the 

inserted molecule.  Theoretical physical height of the molecule was calculated using 

Spartan (Spartan, Wavefunction Inc, CA) for windows.  

 

2.3 Results and Discussion 

The density of single molecules within the domains was consistent throughout the 

sample and these were imaged as 2.1 ± 0.3 Å apparent protrusions from the C10 matrix, 

defined as the ON state (for tunneling conditions of 1 V sample bias, and 2 pA tunneling 

current).  When imaged continuously for an hour without illumination, no switching 

events were observed (Figure 2.2).  We then scanned the same sample with a range of 

bias polarities (1.0 V to -1.0 V) (Figure 2.2), and again, no switching events were 

observed.  Thus, the designed tether and the new assembly limit the molecules’ ability to 

switch stochastically or by tip-induced effects, in contrast to what we previously 

observed for oligo(phenylene-ethynylene) molecules when allowed conformational 

freedom at domain boundaries and other defects [44,46,68,69,76,77].  

Isolated molecules within domains were exposed to UV light (~365 nm) and 

imaged with STM at increasing UV illumination times.  The molecules switched to the 

OFF state, characterized by an apparent height reduction of ~1.4 Å (Figure 2.3).  We 

observed that an increasing number of molecules switched off with longer UV 

illumination times.  The OFF state of 1 appeared to protrude 0.7 ± 0.2 Å above the C10 

matrix in STM images at these tunneling conditions (1 V sample bias, 2 pA tunneling 

current).  Figures 2.3B-2.3E show the molecules switching from the ON  
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Figure 2.2: With time (1 hr), but no illumination, no change in apparent height was 
observed in scanning tunneling microscope images (Figure 2.2A & 2.2B) (It = 2 pA; 
Vs = 1.0 V).  With sample bias polarity (Vs) change (but still no illumination), (2.2C) 
1.0 V to (2.2D) -1.0 V, no significant change in apparent height was observed (It = 2 pA) 
in the scanning tunneling microscope images. 
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state to the OFF state after 10, 35, 60 and 160 min, respectively, of UV exposure.  The 

number of molecules that switched as a function of exposure time shows an exponential 

time dependence with a decay constant of 54 ± 15 min (Figure 2.4) under these 

conditions (~12 mW/cm2).  The error bars are determined by the standard deviations of 

the observed numbers of molecules in three sets of observations.  The slower decay 

constant as compared to that in solution is likely due to the electronic coupling of the 

azobenzene moiety with the Au substrate, which is reduced by the inclusion of the tether, 

but still appears to be significant in deactivating isomerization.   

Previously, in an ensemble measurement, Weisner et al. [85]  demonstrated an 

exponential dependence of azobenzene photoisomerization on illumination time.  The 

exponential time dependence and elimination of other potential switching effects indicate 

that photoexcitation causes switching due to photoisomerization.  All the protrusions in 

the images (Figure 2.3A-2.3F) represent molecules of 1, and are found only when 1 is 

co-assembled with the matrix.  The similarities of the shapes and sizes of the protrusions 

in each image suggest that each protrusion corresponds to a single molecule; the shape 

and size of each is a map of the STM tip and some of the contrast changes in different 

images are due to STM tip changes during imaging [63].   

Theoretical calculations predict the trans isomer of azobenzene to be ~100× more 

conductive than the cis isomer [86].  When 1 isomerized from trans to cis on Au{111} 

(as shown in Scheme 2.1), the actual height, in contrast to apparent height, decreases by 

~4 Å due to conformational changes about the N-N double bond.  Hence, both  
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Figure 2.3: Azobenzene-functionalized molecules switch OFF and switch ON upon 
irradiation with UV (~365 nm) and visible (~450 nm) light, respectively.  Images are 
recorded after irradiating (A) 0 min, (B) 10 min, (C) 35 min, (D) 60 min and (E) 160 min 
with ultraviolet light and visible light irradiation for (F) 30 min.  Figures 2.3A-2.3E show 
switching OFF of single molecules with continued UV illumination.  The squares in 2.3E 
and 2.3F show switching ON of molecules with visible illumination.  The arrow in Figure 
2.3E shows switching ON of a molecule with UV illumination.  Scanning tunneling 
microscope images are recorded at Vs = 1 V and It = 2 pA.  Contrast changes in the 
images are due to STM tip changes during imaging.   
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Figure 2.4: Fraction of azobenzene-functionalized molecules in the ON state decreases as 
a function of time after UV irradiation (~12 mW/cm2).  The decay constant (τ) under 
these conditions is 54 ± 15 min.  
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Figure 2.5: Height profile of azobenzene functionalized molecules changes from I 
(~2.1 ± 0.3 Å) to II (~0.7 ± 0.2 Å) with UV light irradiation (switch OFF). With visible 
light exposure, the height profile changes from II (~0.7 ± 0.2 Å) to III (~1.6 ± 0.3 Å) 
(switch ON).  
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conductivity and height contribute to the observed reduction in apparent height (ON to 

OFF, trans to cis), since STM images are a convolution of physical height and electronic 

structure.  

After 160 min of UV illumination, more than 90% of the azobenzene-

functionalized molecules isomerized from trans to cis.  Subsequent illumination with 

visible light (~450 nm, ~6 mW/cm2) for 30 min switched nearly 50% of 1 back to the ON  

state (Figure 2.3F).  The squares in Figure 1E and 1F highlight a few switching ON 

events.   

In the gas and solution phases [87,88], visible light is known to photoisomerize 

azobenzene from cis to trans; hence, we conclude that the azobenzene-functionalized 

molecules have been reversibly photo-switched at the single-molecule level.  The 

reversibility of photo-switching was further established by comparing the apparent height 

profiles of molecules [44] on the sample before and after exposure with UV and visible 

light.  Nearly ~150 molecules were sampled before and after UV irradiation (to switch to 

the OFF state), and after visible illumination (to switch to the ON state) and the apparent 

heights were plotted (Figure 2.5).  Drift arising from thermal fluctuations induced by 

light and creep in the STM piezoelectric imaging mechanism makes it difficult to observe 

a single feature for very long times (greater than 5 hr).  Several STM image frames of a 

scan area 80 × 80 nm2 with ~30-40 azobenzene-functionalized molecules in each were 

used to collect apparent height changes.  The apparent heights before UV, after UV, and 

after visible illumination are 2.1 ± 0.3 Å, 0.7 ± 0.2 Å, and 1.6 ± 0.3 Å, respectively.  

After visible illumination, the sample includes both ON and OFF molecules, thus giving 

a lower apparent height distribution compared to the initial ON state. 
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Figure 2.3E (arrow) shows a molecule in the ON state, which was OFF in Figure 

2.3D even after UV illumination.  The absorption band of cis molecules overlaps with 

UV light and thus, irradiation with UV for sufficiently long times (1-2 hr) occasionally 

triggers isomerization from cis to trans [87].  Figure 2.3F (squares) shows reversible 

switching to ON ~50% of the total OFF molecules after visible illumination for 30 min.  

Thermal cis-trans isomerization of azobenzene has been reported to take place on 

timescales of 10-30 hr [89] but we observed some switching in 30 min (Figures 2.3E & 

2.3F).  The visible light, with an intensity (~6 mW/cm2) lower than that of typical 

ambient light, is too weak to induce significant heating that could thermally isomerize the 

azobenzene moiety.  Thus, based on our observations of fast response of switching 

compared to thermal isomerization and kinetic studies by Liu et al. [89], isomerization of 

cis to trans here is photo-induced rather than from thermal relaxation. 

 

2.4 Conclusions and Future Directions 

We showed that the molecular tether and assembly isolated the azobenzene 

moiety from the metal substrate and the rigid assembly of 1 within the domains of the 

host matrix rendered stability, due to which control over reversible photo-switching was 

achieved.  The rigid assembly can potentially be utilized in stabilizing single molecules 

for other switching studies in which the matrix plays a key or interfering role.  With 

stability in ambient conditions and an improved understanding of photo-switches, 

assembly of practical molecular devices may become possible.  In order to test these 

ideas, we are now studying assemblies of these photoswitches.  
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The conductivity of the tether played a crucial role in electronically decoupling 

the azobenzene moiety from the Au substrate.  However, the degree of electronic 

coupling needs to be understood in detail.  To this end, we are working on different 

tethers with varying conductivities and studying the efficiency of photo-isomerization of 

the azobenzene moiety.   
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Chapter 3 

 

SELF-ASSEMBLED ONE-DIMENSIONAL MOLECULAR CHAINS OF 
AZOBENZENE: CONCERTED SWITCHING AND ELECTRON TRANSPORT 

 
 

3.1 Introduction 

In Chapter 2, we demonstrated that azobenzene-fuctionalized molecules can be 

attached to a Au{111} substrate as isolated single units.  We also demonstrated that the 

molecules can switch between trans and cis isomers using UV and visible light, 

respectively.  In this chapter, we prepare 1D chain structures of these molecules in the 

domain boundaries of decanethiolate SAM matrices.  We switch the chain structures 

from trans to cis using UV light and observe that the molecules in the chain isomerize in 

concert.  This concerted switching is attributed to the electronic coupling between the 

molecules within the chains.  To demonstrate the extent of the electronic coupling we 

employed a STM probe tip for electron-induced isomerization of azobenzenes.  We 

observe that electrons can travel between the two ends of the chains.   

Control over creation and electronic properties of molecular 1D structures on 

surfaces is one of the most challenging quests in the development of molecular and 

organic devices [1,6,61,90,91].  Self-assembly—the autonomous process utilizing non-

covalent interactions, such as hydrogen bonds, van der waals interactions, and π-π 

interactions to organize molecules—is a promising technology for the production of such 

1D, 2D, and 3D structures [92-95].  Resulting from proximity of molecules in 1D 

assemblies and depending on the coupling, the energy levels of molecules might be 

expected to delocalize, leading to an increased mobility of electrons inside the 1D 
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structures. So far, only theoretical studies have been able to demonstrate such 

delocalization of electrons and have predicted that lateral conductance through 1D 

systems can be substantial [96-101].  Experimental efforts have been hindered by the 

difficulty in establishing electrodes at the ends of the 1D chains.  Electronic band 

dispersion due to electron delocalization in organic monolayers have nevertheless been 

studied using STM [99,102,103].  If electron delocalization is appreciable in a 1D chain 

of molecules, the effect of any electronic perturbation, such as driven conductivity 

changes in a molecule, should also be observed throughout the chain.  To date, no such 

system has been studied.  Understanding the propagation of effects can be instrumental 

for greater insights into electron-transport mechanisms; much needed to advance the 

fields of molecular and organic electronics.   

We created 1D molecular chains of azobenzene-functionalized molecules (1) 

using self-assembly on Au{111}.  The azobenzene-functionalized molecule 1 has 

previously been shown to switch from trans to cis conformation upon stimulation with 

UV light [20]; here, we switched 1D chains composed of molecule 1 with UV light and 

observed that the molecules in each chain isomerized in concert.  Since electrons can also 

isomerize azobenzenes [66,104,105], we explored the concerted isomerization of the 

molecules in 1D chains by employing electron-induced isomerization of the chains.  We 

utilized an ambient STM probe tip for electrons to induce the isomerization at one end of 

the chains and observed the isomerization of the entire >100 Å long chains.  Since STM 

tunneling is a localized event, it is not directly responsible for the switching of the whole 

chain.  However, the tunneling electrons, entering the chain at one end, apparently travel 

along the 1D structure and induce isomerization of all the molecules in the chain. We 
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hypothesize that π-orbital overlap of the molecules in the 1D structures results in 

delocalization along the chain, as in a conductor.   

 

3.2 Experimental Procedure 

3.2.1 Sample Preparation 

One-dimensional chain structures were prepared on Au{111} by assembling 

azobenzene-functionalized molecules between the domains of a C10 monolayer.  We 

used insertion techniques (described in Chapter 1) along with heat treatment to prepare 

the chains.  The process involved three key steps. In step A, C10 molecules were 

adsorbed on the Au{111} substrate by immersing a flame-annealed Au{111}/mica 

surface in an ethanolic solution of C10 (1 mM) for 1 min. This led to the formation of a 

SAM with a large number of defects and disordered areas (Figure 3.1A).  In step B, the 

sample was immersed in an ethanolic solution containing molecule 1 (0.2 mM) for 

~4 min.  During this process, molecule 1 inserts into the vacant and disordered areas of 

the loosely packed C10 matrix (Figure 3.1B).  Subsequently, in step C, the sample was 

annealed in C10 vapor (for 2 hr at 80 ºC) to increase the degree of order in the matrix 

domains by the addition of C10 molecules [84].  During this packing, the C10 domains 

grow and push the azobenzene-functionalized molecules to domain boundaries where 

they form 1D structures (Figure 3.1C).  After this procedure, no or few (0-10 per 

500 × 500 Å2) single molecules were present in the area of the sample probed.  During 

the vapor-annealing process, the intermolecular interactions between the inserted 

molecules is critical for the molecules to remain attached to the surface.  
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Figure 3.1: (A) Formation of C10 SAMs with deposition in solution for 1 min leads to 
large numbers of defects.  (B) Azobenzene-functionalized 1 molecules are inserted into 
the defect sites of loosely packed C10 SAM by immersing the preformed C10 SAM in 
solutions of molecule 1 for 4 min.  (C) Vapor annealing of sample in C10 vapor adds 
matrix molecules to increase the sizes of domains of the martix.  During this packing, the 
C10 domains grow and push the molecules in the domain boundaries where they form 1D 
structures (white arrows).  All STM images are recorded at Vs = 1 V and It = 1 pA. 
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3.2.2 Scanning Tunneling Microscopy 

Refer to Chapter 1 and 2 for a detailed description of STM operation.  Here, the 

chain structures of molecule 1 were analyzed and manipulated using a custom-built STM, 

with an attached optical fiber, operating under ambient conditions [82].  Chain structures 

were switched from trans to cis conformations using 2.0 eV electrons tunneling from the 

STM probe tip to the sample [66,104].  A 2.0 V sample bias was maintained across the 

tunnel junction for 0-5 min with a current of 1 pA.  After switching from the trans to cis 

conformation, the sample was left unperturbed for 30-120 min in order for the molecules 

to relax thermally back to the trans state.   

 

3.2.2 Estimation of Electric Field in the Tunneling Junction  

During imaging, the STM tip rasters over the SAM.  Molecule 1, when attached 

to the Au substrate, protrudes ~21 Å from the substrate (molecular heights were 

calculated using Spartan for Windows, Wavefunction Inc, CA).  Hence, during imaging 

of molecule 1 on Au{111}, the STM tip is at least 21 Å from the substrate.  Considering 

a simple case of a parallel plate capacitor with homogeneous electric field separated by 

21 Å with a potential difference of 2.0 V, the electric field (potential/distance) between 

the plates is estimated to be 0.09 V/Å.  Under manipulation conditions, the sample bias 

was increased to 2.0 V, which moves the STM tip away from the substrate to maintain 

1 pA tunneling current.  Hence, the electric field during manipulation can be estimated to 

be less than 0.09 V/Å.   
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Figure 3.2: (A) A representative STM image with chains of molecule 1 (yellow ovals) 
assembled at domain boundaries of a C10 SAM.  (B) A STM image of a 2L chain at a 
domain boundary.  The overlay of the black ovals represent the phenyl ring arrangements 
in the herringbone structure.  (C) A STM image of a 1L chain.  Again black ovals are 
shown to highlight the phenyl rings of the azobenzene moiety.  (D) A schematic of the 
molecular arrangement in the 2L chain shows that it has two layers of molecules.  Each 
pair of parallel molecules are separated by 8.9 ± 0.4 Å.  All STM images are recorded at 
Vs = 1 V and It = 1 pA. 
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3.3 Results and Discussion 

3.3.1 Chain Structure 

Molecules assemble into herringbone arrangements to form the chain structures.  

Chains were typically formed with two types of structures, namely: one-layer (1L) and 

two-layer (2L) chains (Figure 3.2).  STM images in Figure 3.2 show the molecular 

arrangements in the chains.  Similar herringbone structures have been observed 

previously in various azobenzene-based SAMs on Au{111} [106,107].  The 1L chain has 

an arrangement where adjacent molecules with phenyl rings have lateral separations of 

~4.4 Å oriented at ~90° to each other (Figure 3.2C and 3.2D, black ovals).  Alternate 

molecules are oriented parallel to each other with a spacing of 8.9 ± 0.4 Å.  The 2L chain 

has an additional layer of molecules, second layer, as compared to 1L chains (Figure 

3.2B and 3.2D, brown ovals).  Each pair of parallel molecules are separated by 

8.9 ± 0.4 Å (Figure 3.2D).  Both types of chains are equally abundant on the sample (5-8 

per 1000 × 1000 Å2) and the length of the chains, typically, varied between 30-200 Å.  

The apparent heights of the chains above the matrix under these conditions are ~2 Å, 

consistent with our previous experiments on single azobenzene-functionalized molecules, 

discussed in Chapter 2 [20]. 

 

3.3.2 Light-Induced Switching of Chains 

Azobenzenes can be switched between two stable isomers (trans and cis) with 

light [70-72,78], electrons [66,104], or electric field [65], when attached to a Au{111} 

substrate.  In Chapter 2, we assembled single isolated molecules of 1 on Au{111} and  
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Figure 3.3: Photo-induced switching of chains is shown in the STM images.  Both 1L 
and 2L chains switched OFF upon UV light exposure for ~30 min at ~12 mW/cm2.  (A 
and B) All molecules in the 1L chain switched OFF completely.  (C and D) Parts of the 
2L chain did not switch OFF (red squares).  Due to steric hinderance in the 2L chains, the 
molecules in the red box area do not have free space around them to switch to the cis 
form.  All STM images were recorded at Vs = 1 V and It = 1 pA. 
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demonstrated their photo-induced isomerization.  Here, we prepared 1D assemblies of 

molecule 1 in domain boundaries of C10 matrix.  Figure 3.3 shows STM images of 1L 

and 2L chains switching OFF upon exposing to UV light for 30 min at ~12 mW/cm2.   

We compared the switched OFF states of the 1L and 2L chains, shown in Figure 

3.3C and 3.3D, respectively.  We observed that the 1L chain switched OFF completely 

(i.e., all molecules switched OFF), however, some parts of the 2L chain did not switch 

OFF (Figure 3.3D, red squares).  We attribute this difference to one extra layer of 

molecules in the 2L chains compared to the 1L chains.  Due to this extra layer, the 

molecules in the 2L chains are apparently sterically hindered and do not have sufficient 

free space around them to switch to the cis form.  Steric hinderence is affecting only a 

few parts of the chain, possibly, because of the growth mechanism of these chains.  

Molecules self-assemble to form the most energetically stable structures.  During this 

process, some part of the chain may orient differently than others.   

The photo-induced switching of the molecules in the chains is markedly different 

from the switching of single molecules discussed in Chapter 2.  The individual molecules 

(Figure 2.3 and discussion in Chapter 2) switched OFF independently with UV 

illumination.  However, the molecules in the chains either switched OFF completely (in 

1L) or switched in bundles (in 2L).  Concerted switching indicates that the molecules 

arranged in the chains are coupled.  To explore the nature of this coupling we employed 

electron-induced switching of azobenzene molecules (vide infra). 
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3.3.3 Electron-Induced Switching of the 1L Chains 

To understand the intermolecular electronic coupling in the 1D chains of 

molecule 1 on Au{111}, we induced isomerization, selectively, at one end of the 

assembly and looked for the effects of this isomerization on other parts of the chain.  

During isomerization from trans to cis (or vice versa), azobenzenes require energy from 

an external source and cross through an excited electronic or transient ionic state to 

switch between the two isomers [14].  Here, we employed STM tunneling electrons 

(2.0 eV) to isomerize the azobenzene moieties in molecule 1, arranged in 1D on 

Au{111}.  We positioned the STM probe tip at one point above a 1L chain (black arrow 

in Figure 3.4A) and applied a sample bias of 2.0 V.  The STM was operating in constant-

current mode with tunneling current of 1.0 pA and all images were recorded at Vs = 1.0 V 

and It = 1 pA.  With the STM probe tip placed above the 1L chain, we increased the 

sample bias from 1.0 V (imaging condition) to 2.0 V (manipulation condition) and 

maintained the bias for 2 min.  The STM topographs recorded before and after excitation 

are shown in Figure 3.4.  We observed that all parts of the 1L chains switched OFF (i.e., 

isomerized from trans to cis) (Figure 3.4B and 3.4D).   

Tunneling electrons were supplied only at one end of each chain; however, we 

observed switching of the entire (in this example ~90 Å long) 1L chain.  Since, tunneling 

is a localized phenomenon [108], we expect that tunneling at one end of the chain would 

not directly affect isomerization of the other end.  During isomerization, the electrons, 

supplied to the molecules at one end, delocalized along the chain to induce isomerization 

in all molecules of the 1L chain.  This indicates that the molecules within the chain are  
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Figure 3.4: 1L chain switched OFF by 2.0 eV electrons supplied by the STM tip.  A and 
C show the position of the STM tip (black arrow) positioned above the 1L chain.  All 
parts of the 1L chain switched OFF completely by applying a sample bias of 2.0 V for 
2 min.  However, a second 1L chain (yellow boxes) above the manipulated 1L chain 
(orange box) did not switch OFF due to the lack of sufficient coupling (black circle) 
between these two chains. All STM images are recorded at Vs = 1 V and It = 1 pA. 
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sufficiently coupled through their π-orbital overlap for excitation across the chain.  To 

understand this phenomenon in greater detail, theoretical calculations are being 

performed by our collaborator, Prof. Vincent Crespi at Penn State.   

Further experimental evidence for delocalization of electrons in the 1L chain can 

be observed in Figure 3.4A and 3.4B.  The 1L chain excited under manipulation 

completely isomerized, however, a proximate 1L chain (yellow box) located above the 

manipulated chain did not switch OFF.  This second 1L chain is not physically connected 

to the first (Figure 3.5, black circle) and electrons did not couple sufficiently to the 

second chain.   

The possibility of conformational changes in one molecule inducing isomerization 

in the neighbouring molecule in the chain, like a domino or cascade effect [109], can be 

excluded because isomerization of azobenzene is an energy activated (1.8-3.5 eV) 

process [87,110].  An endothermic change in conformation of one molecule (~0.7 eV) 

[110] cannot provide sufficient energy to activate the isomerization of a neighbouring 

molecule.  

 

3.3.4 Electric Field Effects on Switching  

Azobenzene-functionalized molecules are also known to switch between trans 

and cis isomers with electric fields [65].  Alemani et al. reported switching of 

azobenzenes with conditions from Vs = 1.5 V and tip-sample distances (z) of 4 Å to 

Vs = 6.5 V and z = 36 Å.  At this extreme condition of Vs = 6.5 V and z = 36 Å, where no 

tunneling current is flowing, switching of azobenzenes was still observed.  Thus, electric 

fields, equal or higher to 0.18 V/Å, applied across the STM tunneling junction are needed 
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to switch azobenzene-functionalized molecules.  They also observed that the applied field 

induced switching in areas of 500 × 500 Å2 under the tip.  In our experiments, the electric 

fields in the STM junction during the manipulation period were less than 0.09 V/Å and 

the tunneling electrons were not affecting the disconnected chain located 90 Å away from 

the manipulating STM tip location.  Salfrank and coworkers have reported that an electric 

field greater than 1.5 V/Å is needed to switch azobenzene molecules [110].  Hence, the 

possibility of the electric fields in the tunneling junction inducing the switching of the 

chains can be ruled out here.  

 

3.3.5 Possible Routes for Electrons in Chain during Manipulation  

Electrons with 2 eV energy were continuously tunneling through the molecules 

during manipulation.  Once electrons are supplied to an azobenzene molecule, they can 

either tunnel to the substrate or delocalize to the other electronically coupled molecules 

within the chain.  As electrons are delocalized along the chain, they can tunnel to the 

substrate from any of the positions on the chain.  The electrons may also lose energy by 

inducing isomerization of the azobenzenes from the trans to the cis form.  At any given 

time, all three phenomena: tunneling to the substrate, delocalization within the chain, and 

isomerization of azobenzenes, may occur during manipulation.  The process occuring at 

the shortest time-scale should dominate.  Since the entire chain was typically switched 

OFF, we believe that the delocalization of electrons occurs at the fastest time scale and 

hence, the electrons were able to populate the orbitals of azobenzene moieties in the 

chain before they tunneled to the substrate or isomerized the azobenzenes.  To understand 

our observations, theoretical calculations are being performed to estimate the time scales 
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at which these three phenomena of tunneling, delocalization, and isomerization take place 

during the switching of the molecules in the chain.   

 

3.3.6 Switching of the 2L Chains and Reversibility of Switching 

Similar to 1L chains, 2.0 eV electrons supplied at one end of the 2L chains 

switched OFF all or most parts of the 2L chains.  Figure 3.5A and 3.5B shows that a 2L 

chain switched OFF with a sample bias of 2.0 V applied for 5 min.  Again, the electrons 

supplied at one end of the chain propagate along the chain to the other end and 

continuously populate the orbitals of all the molecules, resulting in their isomerization.  

The 2L chain shown in Figure 3.5A is ~130 Å long and was switched OFF, unlike the 

second 1L chain (yellow box in Figure 3.4A), located ~90 Å away from the STM probe 

tip, which remained unswitched during manipulation.  In the 2L chain, shown in Figure 

3.5, the molecules, separated as far away as ~110 Å from the molecules under the probe 

tip, are elctronically coupled and isomerized via manipulation.  Hence, we conclude that 

the switching is induced by electrons and not by electric field. 

We observed a difference in the switching behavior of the 1L and 2L chains, 

similar to the observation made in photo-induced switching in section 3.3.2.  The 

molecules in the red boxes in Figure 3.5B did not switch OFF with rest of the 2L chain.  

Because the 2L chains have an extra layer of molecules as compared to the 1L chains, 2L 

chains are sterically hindered and some molecules apparently do not have enough free 

space around them to switch to the cis form.   
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Figure 3.5: Series of STM images are shown of a 2L chain switching between the ON 
and the OFF states, for two cycles.  A sample bias of 2.0 V applied by the STM probe tip 
(black arrows) switches the ~130 Å long 2L chain (A and C).  The switching is 
reversible.  The OFF chain switched ON when left unperturbed for 30-100 min with 
thermal relaxation at room temperature (RT) (B and D).  Parts of the chain did not switch 
OFF (B, red squares) due to steric hinderance in 2L chains.  All STM images are 
recorded at Vs = 1 V and It = 1 pA. 
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Switching of chains were observed to be a reversible process (i.e., chains can 

switch between the ON and the OFF states, multiple times).  After the 2L chain was 

switched OFF by applying a sample bias of 2.0 V for 5 min (Figure 3.5), the sample was 

imaged at scanning parameters of Vs = 1.0 V and It = 1 pA.  We observed that the 

molecules began to switch back to the ON state (trans) from the OFF state (cis) after 

30 min (Figure 3.5C), without further manipulation.  The azobenzenes are known to 

switch back to the thermodynamically more stable trans form via thermal relaxation.  The 

reversibility of switching was demonstrated multiple times.  Figure 3.5 shows the 2L 

chains switching between ON and OFF states for two complete cycles. 

 

3.3.7 Manipulation Time Period and Control Experiments 

The manipulation time period required to switch the chains varied from 0-5 min 

in different experiments.  The variable time period is associated with the placement of the 

tip above the molecules and the lifetime of switching of the azobenzene moeity in the 

chains.  The STM, operating in ambient conditions, had a drift of < 0.5 Å/min in the x 

and y directions.  During the manipulation time period of 0-5 min, the STM probe tip 

moves due to drift and induces isomerization only when in position above a molecule.  

Additionally, when the tip is positioned above the molecule it isomerizes the molecule, 

with a finite probability.  The electrons would either excite the azobenzene moeities or 

tunnel elastically to the substrate.  Further, each excitation may yield into isomerization 

or it may get queched due to proximity to the Au substrate, thus, it may require multiple 

excitations to induce isomerization in the entire chain.   
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In STM topographic images, domain boundaries of pure C10 SAM sometimes 

appear as chains of molecules [82], similar to the chains of molecule 1 in C10 SAM 

domain boundaries.  However, the apparent heights of these C10 boundaries are less than 

1 Å as compared to ~2 Å of molecule 1 under these conditions.  The C10 domain 

boundaries, appearing as chains, were observed to be unstable under imaging conditions 

(i.e., they move into nearby vacancy sites).  At many locations when they are stable under 

imaging conditions, domain boundaries did not move and remained unresponsive to 

manipulation, unlike the switching of the chains.   

 

3.4 Conclusions and Future Directions 

We prepared 1D chain structures of azobenzene-functionalized molecules at the 

domain boundaries of decanthiolate SAM matrix.  We switched the chain structures from 

trans to cis using UV light and observed that the molecules in the chain isomerize in 

concert.  The concerted isomerization indicates that the molecules in the chains are 

electronically coupled.  To demonstrate the extent of the electronic coupling, we 

employed electron-induced isomerization of azobenzenes.  We believe that electrons are 

propagating between the two ends of the chains due to favorable molecular orbital 

overlap.  Theoretical investigations are underway to quantify the extent of coupling. 

The switching of both types of chains due to excitation propagating along the 

chains suggests that these chains are well coupled.  These molecular structures can be 

grown easily; however, further work is required to develop control over their placement 

on substrates, as well as their lengths scales.  Fundamental understanding of electronic 

coupling and transport mechanisms will also need to be developed to design and to 
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fabricate more robust and efficient conducting molecular chains.  Efforts are currently 

underway to expand the library of molecules that can be assembled as molecular chains 

in a variety of host matrices.   
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Chapter 4 

 

A MECHANICAL ACTUATOR DRIVEN ELECTROCHEMICALLY BY 
ARTIFICIAL MOLECULAR MUSCLES 

 
 

4.1 Introduction 

To develop molecular machines, molecules that can undergo restricted motion 

upon external stimuli to generate useful work are necessary.  For example, rotaxane 

molecules are a model system for artificial muscle that responds to electrochemical 

potential changes.  In this chapter, redox-controllable, bistable [3]rotaxane molecules 

(artificial molecular muscles), are coated on a microcantilever and subjected to 

alternating oxidizing and reducing electrochemical potentials to deflect the 

microcantilevers reversibly.  

Inspired by the inherent promise of and opportunities in nanotechnology, the 

scientific community has been attempting to decrease the characteristic length scales that 

define mechanical, electronic, and other devices [111,112]. A wide range of applications, 

including robotic, optical and microfluidic systems, call for microscale and nanoscale 

actuators [113]. However, most conventional electrostatic and piezoelectric materials 

require high driving voltages and  must be fabricated using photolithography and other 

top-down manufacturing techniques that cannot easily achieve [114] feature sizes below 

100 nm. In contrast, bottom-up approaches [115] that employ atoms and molecules as 

their fundamental building blocks and working units can potentially deliver mechanical 

operations on much reduced size scales [2,9,116,117]. Recently, research has been 

directed towards developing an integrated approach that combines the functionality of 
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bottom-up assembly with top-down techniques for the manufacture of hybrid 

nanoelectromechanical systems (NEMS) [118]. 

A number of nanomechanical actuators [115,119-131] have been fabricated by 

hybrid top-down/bottom-up approaches. Electromechanical expansion in sheets of single-

walled carbon nanotubes, proposed by Baughman et al. [119], have resulted in micro-

scale actuation with strains higher than those obtained using conventional ferroelectrics. 

The phenomenon of hydrogel swelling by radiative forces was used by Juodkazis et al. 

[120] to build light-sensitive actuators. Redox-activated electrostatic repulsion in polymer 

molecules, such as polyaniline [126] and polypyrrole [130], have also been employed to 

power reversible actuation in microcantilevers. Raguse et al. [127] have utilized the 

intercalation of ions in nanoparticle films to achieve electrochemical actuation. These 

systems rely upon the bulk response of materials, and recently, researchers have started to 

harness work from molecular-scale mechanical motions. For example, Shu et al. [129] 

demonstrated the controlled, reversible actuation of a microcantilever, using pH-

controlled configurational changes (duplex to i-motif) in self-assembled monolayer 

(SAM) matrices of DNA. While a monolayer of a photosensitive protein complex 

(bacteriorhodopsin) has been employed by Thomas et al. [123] and Ren et al. [128] to 

actuate microcantilevers photochemically, other experimentalists [125] have exercised 

photochemical control upon the conformational (cis/trans) isomerization of azobenzene 

molecules to actuate microcantilevers. 

Artificial molecular machinery [2,3,9,12,13,22,64,115,116,132-141] has emerged 

as one of the most attractive alternatives for performing controllable mechanical work 

that begins at the nanoscale. These molecular machines have proven to be integral to the 



  52 

operation and performance of many nanoscale and microscale systems, including 

molecular electronics [46,64,117,132,141-149], nanovalves for drug delivery [150-155], 

tunable electrochromic devices [17,148,156-158], as well as light-powered devices for 

transporting liquid over millimeters [159] and rotating microscale objects [73]. The class 

of artificial molecular switches, based on bistable rotaxanes, are especially promising 

[160,161]. These particular nanomachines are mechanically interlocked compounds [162] 

composed of a dumbbell-shaped component that is encircled by one or more ring 

components [146,163]. Bistable, donor-acceptor rotaxanes have many advantages as 

actuation materials. They can generate tunable strains, e.g., up to 42%, while the strain 

generated [114] by traditional piezoelectric actuators is typically less than 1% [164,165]. 

They can also undergo controlled mechanical motion following the input of a variety of 

external stimuli (chemical, electrochemical and optical), while traditional actuators 

[113,166] and biomotors [167] usually rely on a single stimulus. Bistable [2]rotaxanes 

also offer the synthetically tunable property of hysteretic switching by taking advantage 

of a metastable state [86,142,156,168]. In this manner, the molecules can persist in their 

actuated state long after the stimulus is removed. Most importantly, bistable rotaxanes 

can deliver controllable mechanical motions at molecular level — a characteristic that 

most existing micro/nano actuators [111,118-123,125-131] do not possess — and thus 

can be ideal for applications where ultrasmall nanoactuators are needed. 

We recently extended research beyond simple bistable [2]rotaxanes, by designing 

and synthesizing a disulfide-tethered, palindromic, bistable [3]rotaxane R8+ (Scheme 1)  
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Scheme 4.1: Molecular structures of (a) a palindromic bistable [3]rotaxane R8+, (b) a 
disulfide-tethered dumbbell molecule D (control compound related to R8+ having no 
ring), and (c) 1-dodecanethiol C12 (control compound). 
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that mimics [164,165] biological skeletal muscle’s contraction and extension. Skeletal 

muscles convert chemical energy to mechanical energy by the cumulative actions of 

myosin biomotors [169]. Coherent and cooperative configurational changes in this 

biosystem are harnessed in order to obtain macroscopic muscle contraction and 

expansion [170,171]. By imitation of the changes in shape that occur in skeletal muscles, 

the palindromic, bistable [3]rotaxane R8+ undergoes controllable mechanical motions in 

the presence of external stimuli. It has a pair of redox-active tetrathiafulvalene (TTF) 

units, a pair of naphthalene (NP) stations separated by a di(ethylene glycol) spacer, and 

two movable tetracationic, cyclobis(paraquat-para-phenylene) (CBPQT4+) rings (Scheme 

1). In the ground state co-conformation, both the CBPQT4+ rings encircle the TTF units, 

courtesy of electron donor-acceptor interactions [165]. Oxidation of the TTF units causes 

the CBPQT4+ rings to move towards the NP stations because of the electrostatic repulsion 

between the rings and the positively charged TTF2+ units. Reducing the TTF2+ dications 

back to their neutral state causes the rings to shuttle back onto the TTF units. The 

incorporation of a disulfide tether onto each CBPQT4+ ring component provides a point 

of attachment to gold surfaces. More critically, this connection provides the means to 

transfer the energy of contraction within the artificial muscle molecules to an underlying 

substrate. 

The collective motions induced by oxidation and reduction of ~8 billion muscle 

molecules can be harnessed to perform mechanical work on a microcantilever [164,165]. 

Reversible flexing of a micro-cantilever coated with R8+ during the cyclic injection of 

oxidizing and reducing solutions was correlated to the collective contraction and 

extension-relaxation of the surface-bound muscle molecules. This work constituted a 
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starting point in molecular-muscle-based NEMS. However, the introduction of different 

chemicals into the system is a slow and inconvenient process that is associated with the 

gradual accumulation of waste products. Succinctly, chemically controlled actuation is 

not optimal for many engineering applications. Compared to chemical methods, 

electrochemically or photochemically induced oxidations and reductions have many 

advantages – (i) devices can be switched much faster, (ii) they can work without 

producing chemical waste, and (iii) either electricity or light can be used for both 

inducing (writing) and detecting (reading) mechanical molecular motions in devices.  

Here, we demonstrate the feasibility of electrochemically controlled surface-

bound molecular muscles and use the collective mechanical motions of the bistable 

molecules to perform mechanical work on a larger scale. The electrochemically-induced 

movements employing the rotaxane molecules bend the cantilevers in the opposite 

direction to those observed for the control systems, in which electrolyte adsorption 

appears to play a major role. We were not able to determine the exact nature of the 

oxidation states of the TTF units (+1 or +2) within the surface-bound rotaxanes. 

However, the observed thermal relaxation of the proposed metastable state 

(k = 1.2×10-2 s-1) monitored in the device’s deflection is consistent with internal 

movements resulting from the TTF units’ oxidation in the molecules 

[86,142,156,168,172], as well as the primary role of the molecular muscles in bending the 

microcantilevers up and down. 
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Figure 4.1: Schematic of the experimental setup used for in situ electrochemical 
activation of the palindromic bistable [3]rotaxanes molecules.  The inset shows the 
reversible electrochemical oxidation and reduction of R8+ to produce the microcantilever 
deflection. (WE: working electrode, CE: counter electrode, RE: reference electrode). 
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4.2 Experimental Procedure 

4.2.1 Preparation of Microcantilever Samples 

Commercial rectangular silicon microcantilevers (NanoAndMore Inc, Lady’s 

Island, SC) of length 500 μm, width 100μm, and thickness 1 μm were used in all the 

experiments. One side of the microcantilevers was coated with a 20-nm-thick gold layer 

by the manufacturer. Before a monolayer film was deposited, each microcantilever was 

cleaned for 5 min with UV/ozone and then washed with deionized water. 

 

4.2.2 Synthesis of Molecular Muscles and Control Compounds and Preparation of 
Monolayer Films 

 
The palindromic bistable [3]rotaxane R8+ and the control dumbbell compound D, 

having no ring component, were synthesized using a method reported earlier [150,165]. 

1-Dodecanethiol, C12 (Sigma- Aldrich), was used without further purification. 

Microcantilevers were cleaned and then placed for 48 h in solutions containing the target 

molecule, in order to form monolayer films on the gold layers.  

 

4.2.3 Electrochemical Atomic Force Microscopy 

A scanning probe microscope combined with an electrochemical cell supply (Pico 

SPM 2500, Molecular Imaging) was used in all of the experiments. Before each 

experiment, the electrolyte (0.1 M NaClO4) employed in the electrochemistry setup was 

purged with nitrogen gas. Both counter and reference electrodes were cleaned by 

ultrasonication in water and acetone before each experiment. At the end of each 

experiment, the potential of the reference electrode (Ag) was adjusted with respect to that 

of a AgCl solution. The sensitivity of each microcantilever was calibrated by fitting the 
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slopes of force curves, in order to measure the cantilever deflection (nm) by means of the 

photodiode signal (V) (Figure 4.1). The deflection data and applied voltage signals were 

obtained with 2 ms time resolution, and were later averaged from 100 data points. The 

signals were analyzed and plotted using MATLAB 7.0 (The Mathworks, Natick, MA) 

and Origin Pro (Origin Lab Co., Northampton, MA).  

 

4.3 Results and Discussions 

In order to detect the mechanical work exerted by the surface-bound, palindromic, 

bistable [3]rotaxane R8+ on microcantilevers during electrochemical activation, we 

combined (Figure 4.1) an optical deflection technique based on atomic force microscopy 

(AFM) with an in situ electrochemical method. A microcantilever coated on one side 

with gold was used as a working electrode, a silver wire as a quasi-reference electrode, 

and a platinum wire as a counter electrode. These three electrodes were placed in a 

Teflon cell filled with aqueous electrolyte (0.1 M NaClO4). The silver wire 

pseudoreference electrode was subsequently calibrated against a Ag/AgCl 3 M KCl 

reference. The data illustrated in Figures 4.2–4.4 represent the calibrated redox potentials. 

The gold surface of the microcantilever was coated with a monolayer film of R8+ 

molecules and the redox state was changed by applying a desired potential using a 

potentiostat (CHInstrument, Inc.). A laser beam reflected by the silicon side of the 

microcantilever was collected by a split photodiode. The deflections in the  
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Figure 4.2: Deflection signature (colored lines) in response to a triangular sweep (purples 
lines) of the electrochemical potential for (a) a bare microcantilever (orange line, 
5 mV s-1) and (b) a microcantilever modified with a monolayer film of the palindromic 
bistable [3]rotaxane R8+ (green line) on one side of the microcantilever (20 mV s-1).  The 
directions of the arrows indicate the corresponding y-axis of the parameter plotted. 
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microcantilever during electrochemical activation of the muscle molecules were 

measured from the variations in the reflected laser beam position on the photodiode.  

Previously, redox-activated mechanical switching of R8+ molecules in solution 

was characterized extensively using cyclic voltammetry and UV-visible 

spectroelectrochemistry [165]. When R8+ molecules are attached to surfaces, our 

expectation is that, upon the application of a sufficiently oxidizing potential, the TTF 

units in R8+ will become positively charged, causing the surface-bound rings to move 

towards the NP units. Consequently, this action will increase the bending moment of the 

supporting microcantilever. A reducing potential will regenerate the neutral TTF units, 

causing the rings to move back to these TTF units. The deflection in the microcantilever 

would then decrease. Therefore, by applying an electrochemical potential, it will be 

possible to harness the collective mechanical motions from surface-bound molecular 

muscles and to control the deflection of the microcantilever.  

To describe the direction of the microcantilever deflection, we use the terms 

“down” for deflection of the microcantilever towards the gold side (negative deflection), 

and “up” for deflection away from the gold side (positive deflection). To determine the 

mechanical work exerted by molecular muscles on the microcantilevers, all competing 

forces acting against the mechanical work performed by molecular muscles should be 

low in magnitude or, ideally, non-existent. Such competing forces, however, do exist in 

microcantilevers during electrochemical activation. They include electrostatic repulsion 

forces at solid-liquid interfaces and surface stress induced by specific adsorption and 

desorption of ionic species in the electrolyte [173]. To assess the influence of these 

competing forces, we subjected a nominally bare gold-precoated microcantilever without 
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a molecular muscle monolayer film to a sweep of triangular potential. Figure 4.2a shows 

the performance of a bare microcantilever subjected to anodic and cathodic sweeps of 

electrochemical potential at a slow scan rate of 2 mV/sec. The bare microcantilever was 

deflected upwards during the anodic sweep and deflected back down again to the neutral 

position during the cathodic one. Based on the magnitudes of surface stress reported in 

earlier work [173-176], we attribute this deflection signature to the specific adsorption of 

perchlorate (ClO4
–) counterions onto the gold-coated side of the microcantilever.  

We expected that, upon the oxidation of the TTF units and the consequent 

contraction of the distance between the rings, the collective moments of deflection caused 

by the many muscle molecules would flex the microcantilever (Figure 4.1) in the 

negative direction, that is, opposing the competing effect (Figure 4.2a) of specific 

adsorption by perchlorate counterions. Both effects were observed (Figure 4.2b) in 

triangular sweep experiments performed on a microcantilever coated with a monolayer 

film of R8+ molecules. During the anodic sweep, the initial deflection went upward. 

However, after reaching a potential of +0.24 V, the microcantilever started to deflect 

downwards for various scan rates of applied potential. 

In comparison to larger scan rates (50 mV/sec), smaller scan rates (20 and 

25 mV/sec) produced larger deflections. This could be due to partial redox activation of 

R8+ molecules at larger scan rates. Qualitatively, the deflection signatures of different 

R8+-coated cantilevers were reproducible.  The right ordinate of the graph shows the 

surface stress, Δσ, which can be determined by the following equation: 
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Δσ =  − E𝑡𝑡2

3𝐿𝐿2(1−υ) 
 Δz     4.1 

where E/(1-υ) is the bi-axial Young’s modulus of cantilever (230 Gpa); L is the length of 

the cantilever, (460 μm, considering the effect of laser spot diameter); t is thickness of the 

cantilever (1 μm); and Δz is deflection. Variations in the magnitudes were observed for 

different cantilevers and could be attributed to factors such as the differences in the 

mechanical properties of individual cantilevers, and position of laser beam. 

The observed downward deflection was attributed to the collective motions of 

surface-bound muscle molecules that generate tensile stress on the microcantilevers. 

Subsequent application of a cathodic sweep caused the microcantilever to return to its 

original position. This restoration was believed to occur because the reduction of the 

TTF2+/+ units should lead to shuttling of the rings back to their original positions. When 

the potential went below +0.12 V, the microcantilever deflected downward, an 

observation that we attribute to the desorption of perchlorate counterions from the 

microcantilever occurring in the background. The initial deflection (when the driving 

potential is below +0.24 V) in the R8+-coated cantilevers, attributed to the specific ion 

adsorption, was higher than what was observed in bare cantilevers. This phenomenon 

may have occurred due to the presence of positive charges on R8+, which makes the 

cantilever surface highly charged and more prone to specific adsorption than bare 

cantilevers. Another cantilever coated with R8+ molecules also showed similar deflection 

signatures for the same potential window and scan rate, indicating good reproducibility of 

our experiments.  It should also be noted that the magnitude of deflection observed here 
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Figure 4.3: Deflection vs. applied potential with respect to the working electrode for a 
bare microcantilever (orange line, 5 mV s-1) as well as for microcantilevers coated with 
monolayer films of the bistable [3]rotaxane R8+ (green line, 20 mV s-1), the control 
dumbbell molecule D (black line, 20 mV s-1), and 1-dodecanethiol C12 (dark grey line, 
20 mV s-1). 
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is much larger than the ones observed in our previous studies [164,165], which utilized 

chemical stimuli and were likely limited by the diffusion and partial activation of the 

molecules. 

To determine other effects that could contribute to the deflection of the cantilever, 

such as electron injection into the cantilever, we conducted control experiments with 

monolayer films composed of two different compounds. The first control compound 

(Scheme 4.1b) was a disulfide-tethered dumbbell compound D. This compound contains 

a pair of TTF and NP units with the same relative geometry as that present in R8+ and  

retains the redox activity of the [3]rotaxane. However, D lacks mechanically mobile 

CBPQT4+ rings, while the disulfide tethers are attached at the two stoppers of the 

dumbbell. The second control compound (Scheme 4.1c) was C12, which lacks both 

moving elements and redox-active units, yet is known to form well-ordered SAMs that 

would thus block adsorption of other species [177-182]. Neither control compound was 

expected to perform mechanical work on the microcantilever, but it is expected that 

oxidation of D changes the electronic structure of the gold metal and creates tensile 

stresses on the cantilever.  

To test these hypotheses, monolayer films of the control molecules, assembled on 

microcantilevers, were subjected to triangular sweeps (Figure 4.3) at slow scan rates of 

20 mV s-1. The deflection for both control compounds was opposite to that observed in 

the case of R8+. This opposite movement indicates that the mechanically active, disulfide-

tethered CBPQT4+ rings in R8+ are essential for the redox-controlled bending of the 

cantilever beams. The small upward deflections of the microcantilevers coated with 

control compounds were attributed to the adsorption of perchlorate counterions on the 
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gold side of the microcantilever. The potential-induced deflections, observed for 

microcantilevers coated with any of the monolayers (R8+, D, or C12), were smaller in 

magnitude than those observed for bare microcantilevers. In these cases, the monolayers 

served as protective blocking layers that decreased adsorption. The adsorption for the 

ordered SAMs of the C12-coated microcantilevers was somewhat less pronounced than 

that observed for microcantilevers coated with D, as well as for those coated with R8+ 

prior to the onset of downward deflection. We attribute this to the well-ordered, dense 

surface packing of the C12 SAM providing the best protection (of the films studied) from 

ion adsorption. The upward deflection in the case of D-coated microcantilevers suggests 

that the effects from specific ion adsorption dominate over the tensile stresses induced by 

the injection of electrons into the cantilever.  

We have also performed dynamic studies in which the potential steps were 

alternated on a microcantilever coated with molecular muscles (Figure 4.4a) in order to 

initiate oxidation and reduction and the deflections were measured as a function of time. 

On the basis of the observed deflection curves (Figure 4.3), the voltages of +0.4 V and 

+0.2 V were selected in order to effect the TTF unit’s oxidation and reduction, 

respectively. It was observed that at +0.40 V, the microcantilever deflects downward, and 

at a lower potential, +0.20 V, where TTF is reduced to its neutral state, the 

microcantilever is deflected upwards. The alternate bending down and up of the 

microcantilever corresponds to the alternate oxidation and reduction of the surface-coated 

muscle molecules, respectively. We applied similar alternating potential steps to other  
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Figure 4.4: Time-dependent operation of microcantilevers coated with: (a) the 
palindromic bistable [3]rotaxane R8+ (green line), (b) the control dumbbell molecule D 
(black line), and (c) 1-dodecanthiol C12 (dark grey line), when subjected to a series of 
oxidation and reduction potential steps (purple lines). 
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microcantilevers, coated either with the control compounds D or C12. The cantilevers 

bent upward during the application of a higher potential step and bent downward during 

the application of a lower potential step (Figures 4.4b and 4.4c). Both deflections were in 

the opposite directions to those observed (Figure 4.4a) for the R8+-coated 

microcantilevers.  

When we repeated the redox chemistry, we observed (Figure 4.4a) a gradual 

downward deflection of the cantilever. This overlying strain effect, or creep [183], has 

been observed in other electrochemical actuator systems [184-188]. The creep in these 

systems is purportedly caused by the disentanglement of the adsorbed molecular 

components [186,188]. We believe that a similar creep mechanism may apply here, but in 

our case, arising from a reorganization of the muscle molecules within the monolayer 

film that plays an important role during the electrochemical perturbation. Similar 

behavior—the gradual deflection towards the coated side of the cantilever—was also 

observed in the microcantilevers coated with D (Figure 4.4b) and C12 (Figure 4.4c). 

However, such behavior was not observed in experiments (data not shown) conducted on 

bare microcantilevers. These observations are consistent with our hypothesis on the creep 

mechanism. The creep of microcantilevers coated with C12 was substantially less 

pronounced than that for D- or R8+-coated microcantilevers. One would expect molecules 

such as C12, which form more organized monolayer films, to experience far less 

reorganization.  We further note that recent investigations have indicated the importance 

of the substrate atoms in thiolate motion on gold, so that we may also expect substrate 

atoms to move when substantial molecular forces are applied [48,189,190]. 
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The deflections of cantilever caused by the two competing effects, anion 

adsorption and electron transfer into the cantilever, can be estimated from the response of 

the D-coated cantilevers. The dumbbell molecule D is similar to R8+, except for lacking 

the moving rings.  Figure 4.3 indicates that the expected deflections from the two 

competing effects reach maximum deflections of ~250 nm in the upward direction. 

Therefore, experimentally, the total deflection produced by the muscle contraction alone 

can be estimated to be ~550 nm.   

We attempted to quantify the magnitude of the deflection observed analytically in 

the microcantilever coated with R8+ using cantilever mechanics. The deflection, z∆ , 

caused by the collective contractions and extensions of molecular muscles can be 

quantified using a special case of Euler-Bernoulli’s beam equation, which includes a 

moment at the free end of beam, and is given by: 

IE
LMz beam

'2

2

=∆ ,     4.2 

where Mbeam is the collective deflection moment on the beam;  is the total length of the 

beam (450 µm, considering the effect of laser spot diameter); E’ is the biaxial Young’s 

modulus of the microcantilever (additional stiffness due to Au and R8+ monolayer is 

neglected) and is given by E/(1-υ), where E is Young’s Modulus (187.5 GPa), and υ is 

the Poisson’s ratio (0.182) [191], and I is the area moment of inertia of the beam’s cross-

section. The spacer, di(ethylene-glycol), between the two DNP sites of the molecular 

muscle improves the rigidity of the molecule. In an idealized model for quantitative 

analysis, we assume that the molecular muscles are rigid and the interactions between  

 

 

L



  69 

 

 

Figure 4.5: Comparison of the downward deflection as a result of the application of an 
oxidizing potential (squares) and the upward deflection caused by the application of 
reducing potential (circles) in a microcantilever modified with a bistable [3]rotaxane R8+ 
monolayer film followed through five actuation cycles. Solid lines represent the 
exponential best fits. 
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neighboring molecules are negligible. With these assumptions, the collective deflection 

moment of the beam is given by: 

321)2/(2 ffftPNM beam ⋅⋅⋅⋅⋅⋅= ,    4.3 

where N is the total number of molecules adsorbed along the width of the 

microcantilever; P is the Coulombic repulsion force causing the ring to move away from 

the TTF unit;  is the beam thickness (1 µm);  is the surface coverage factor; and  

and 3f  are the constants corresponding to the idealized geometry and the molecule’s 

orientation, respectively (assumed to be random).  Since only the molecular segment 

between the two rings generated a moment that contributed to the deflection,
2

1
2 L

Lf = , 

length of the molecule. For a molecule in its extended inter-ring co-conformation, 1L  was 

4.2 nm and 2L  was 7.4 nm [165]. With the molecules and deposition protocol employed, 

we do not expect all the molecules to be fully extended; thus, L1 and L2 would vary and 

they could each be smaller than indicated above. Since the molecules were randomly 

aligned and only the force exerted along the longitudinal axis of the beam will contribute 

to deflection, 3f  = 2/π. The number of molecules along the width was approximated as 

 
b
w , where b  was the breadth of each rotaxane (1 nm) and w  was the breadth of the 

cantilever (100 µm). The success of the model to quantify the deflection observed in the 

experiments lies in the ability to predict the repulsion force between CBPQT4+ ring and 

the TTF2+ station accurately. Assuming the TTF unit is oxidized to TTF2+ and neglecting 

the effects of 1) electrolyte, 2) presence of counter-anions, and 3) orientation of molecule, 

we can use the actuation energetics of a similar molecule reported by Brough et al. [192]. 

t 1f 2f
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By augmenting the force spectroscopy data with molecule dynamics simulations and 

considering the effects of thermal fluctuations as a function of the probe’s loading rate, 

they were able to predict the actuation energy, W, between TTF2+ and CBPQT4+. A value 

of 65 kcal/mol was determined to be the actuation energy, a value that also matches ab 

initio calculations. To convert actuation energy, W, to average actuation force, P, we 

divide W with the distance between TTF2+ and DNP, d = 1.4 nm, giving a value of 

320 pN. Using this magnitude for the force and assuming a surface coverage of 100%, 

the theoretical displacement was predicted to be 620 nm. This value is slightly larger than 

the magnitude of deflection (~550 nm) observed in the experiments, but well within the 

accuracy of the various assumptions made in the model.  

The first cycle of oxidation and reduction caused a larger deflection than did 

subsequent cycles. The extent of the deflection stabilized (Figure 4.5) after the first cycle. 

We attribute the sudden changes in the downward and upward deflection at the end of the 

first cycle to the incomplete recovery of the ground state co-conformation from the 

metastable state co-conformation [86,142,156,168], which leaves only a portion of the 

muscle molecules active for subsequent cycles. This observation suggested that a 

microcantilever, if left in a reducing environment after a series of oxidation and reduction 

cycles, should have most of the surface-bound rotaxane molecules recover to their ground 

state co-conformation. With a new set of actuation cycles, the first cycle would once 

again exhibit large changes in downward and upward deflection. 
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Figure 4.6: Actuation of a microcantilever coated with R8+ molecules when subjected to 
three types of electrochemical potential variations. In Stage I, seven steps of alternating 
oxidizing and reducing potentials were applied. In Stage II, no external potential was 
applied for 175 sec. This period enabled recovery of the cantilever, as noted from the fit 
(dotted line) of the deflection signature observed in Stage II. In Stage III, five steps of 
alternating oxidizing and reducing potentials were applied. 
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To test this hypothesis, we applied three stages of potential variations (Figure 4.6) 

while the cantilever deflection was recorded. Stage I included seven steps of alternating 

oxidation and reduction potentials with 20 sec intervals at each potential for each step. 

During these steps, the microcantilever bent alternately downwards and upwards, as 

expected for these artificial molecular muscles. Large changes in the downward and 

upward deflections were observed in the first cycle of actuation, followed by constant 

upward and downward deflections in the following actuation cycles. Sudden changes or 

“spikes” in the deflection of the microcantilever were observed at the end of each 

oxidation and reduction stage, and are most likely a result of the desorption and 

adsorption of the perchlorate counterions.  In Stage II, the microcantilever was left 

electrochemically unperturbed at an open circuit potential—i.e., no potential applied—for 

~175 sec. During this stage, the cantilever deflected upward with a first-order decay 

(k = 0.012 s–1). The recovery of the cantilever position appeared to be incomplete, 

possibly as a result of the irreversible creep observed in Stage I. A time interval of 175 s 

was chosen for Stage II in order to ensure saturation of the recovery process. In Stage III, 

we again applied alternating redox potentials with the same durations as those applied in 

Stage I. We observed deflection signatures similar to those in Stage I. Large changes in 

the downward and upward deflections were again observed in the first cycle of operation. 

These changes were followed by constant upward and downward deflections in later 

cycles within the error of our measurements. 

The observation of an exponential decay for the relaxation of the R8+-coated 

microcantilever’s deflection curve is consistent with the behavior of bistable [2]rotaxanes 

in solution [168,172], embedded in polymer matrices [156], and self-assembled onto gold 
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surfaces [86]. In these previous cases, the relaxations of the molecules were observed 

directly using electrochemistry and it was found that the rates of motion slowed down 

[142,168] as the rotaxanes were transferred into more highly condensed phases. Their 

kinetic behavior was found to correlate with the thermal relaxation of the electrical 

signature from a device that has rotaxanes incorporated within them as Langmuir-

Blodgett monolayers [142,168]. Therefore, we posit that the first-order decay in the 

deflection of the microcantilever arises from the thermally activated motion of the mobile 

rings from the NP stations back to the neutral TTF stations. The rate constant correlates 

with an activation barrier of ∆G‡ = 20 kcal mol-1. On the basis of solution-phase studies 

[165] on the molecular muscle prototype to R8+, the corresponding barrier was estimated 

to be less than 14 kcal mol-1. Consequently, there is an increase of 6 kcal mol-1 on going 

from solution to surface-bound devices. This increase is greater than the ~2 kcal mol-1 

expected on the basis of the bistable rotaxane studied, first in solution, and then self-

assembled onto gold electrodes. Slower than usual thermal relaxation has been observed 

for the cis-to-trans isomerization [193] in single polymer strands incorporating multiple 

azobenzene units when these strands are placed under loads by utilizing microcantilevers 

in force spectroscopy experiments. We concur with the rationalization presented in this 

previous report that the load-induced motion is no longer able to proceed along the lowest 

pathway possible. The exponential decay arises either when configurationally active 

molecules (azobenzene), or when active rotaxanes with two mobile rings (R8+) relax in 

confluence with an applied restoring force. The data suggest that the active units are not 

interacting with each other.  Nevertheless, the observation of a relaxation process is a 
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crucial molecular signature that confirms the dominant role that the surface-bound 

rotaxanes serve in bending the microcantilevers.  

 

4.4 Conclusions and Future Directions 

We have demonstrated that surface-bound artificial muscle molecules, when 

electrochemically activated, cause a microcantilever to bend. Conversely, microcantilever 

beams that are coated with redox-active but mechanically inert control compounds—the 

dumbbell of the [3]rotaxane or C12—do not display the same bending characteristics.  

Moreover, using beam theory and analysis, it has been shown that these observations are 

consistent with the hypothesis that the cumulative nanoscale movements of the surface-

bound “molecular muscles” can be activated electrochemically and harnessed to perform 

much larger-scale mechanical work. The observed “creep” phenomenon in the dynamic 

studies most likely results from the reorganization of the molecules in the films. 

Compared with their chemically-driven counterparts [164,165], the electrochemically-

driven molecular-muscle-based actuators can be operated much faster, more 

conveniently, and with larger responses.  

Although challenges remain, the results constitute a key step towards functional 

NEMS based on artificial molecular muscles. We believe that:  (i) by improving the 

assembly conditions, (ii) by increasing the rigidity of the muscle molecules, and (iii) by 

incorporating a blocking layer in a matrix around the active components, the artificial 

molecular muscle-based NEMS can be optimized even further. Understanding the 

interaction of rotaxane molecules with the substrate on a single-molecule level is also 

important to design efficient molecular muscles.   
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Chapter 5 

 

CHANGING STATIONS IN SINGLE BISTABLE ROTAXANE MOLECULES 
UNDER ELECTROCHEMICAL CONTROL 

 
 

5.1 Introduction 

Mechanically interlocked molecules, such as bistable catenanes or rotaxanes 

[9,12,22,194-197] having addressable rings, have potential applications in areas ranging 

from molecular-scale electronics [117], to display technologies [198], to 

nanoelectromechanical devices [101,199].  Functional components of these molecular 

machines can be triggered by external stimuli, such as redox reactions [200], light [201], 

metal ion complexation [202], and pH [203].  Solution-phase measurements have been 

used to characterize the structures and functions [195] of these molecular switches.  

However, to realize the full potential of these functional molecules at the nanoscale, it is 

imperative to understand their operation at the single-molecule level under environments 

relevant to actual device operation [101,117,198].  Recently, progress has been made in 

measuring collections of molecules in condensed monolayers and polymer gel matrices 

[66,172].  Few examples illustrate STM tip manipulation of rotaxane molecules on 

substrates [204,205].  However, serial manipulation of switchable molecules is far less 

practical than parallel electrochemical, optical, and chemical control of molecules [199].   

Thus far, most rotaxane molecules are inherently flexible and have poorly defined 

conformations and orientations when adsorbed on surfaces, rendering them difficult to 

resolve individually with scanning probe microscopes.  Because of the limited knowledge 

of the molecular geometries and the conformations of such single molecules on 
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substrates, the effects of the nanoscale environments on the station changes remain 

unaddressed.  In this chapter, we have developed molecular designs that reduce the 

mobilities of the molecules significantly.  We were able to assemble bistable rotaxane 

molecules in orientations conducive to direct STM measurements of their station 

changes.  An ECSTM has been employed to observe molecular motion in situ [45,140] 

and we observed that single-molecule station changes correlate with the redox states of  

bistable rotaxanes [195].  We found that the mechanical motions of these mechanically 

interlocked molecules are influenced by their interactions with the surface and with 

neighboring molecules, as well as by the conformations of the dumbbell components.   

 

5.2 Experimental Procedure 

5.2.1 Sample Preparation 

The [2]rotaxane molecule (R4+), with disulfide groups attached to the stoppers on 

the dumbbell termini (Figure 5.1A), has been designed to bind at each end to Au{111}.  

After cleaning a Au{111} single crystal disc with piranha solution (3:1 mixture of H2SO4 

and H2O2)‡, the Au{111} disc was hydrogen flame annealed and cooled under argon 

before being immersed in the R4+ 4PF6 solution (~10 µM).  Only 10-20 seconds of 

immersion was necessary to achieve the desired coverage (5-6 molecules/1000 Å2) for 

STM imaging.  The sample was then rinsed with acetonitrile, nitrogen dried, and 

transferred to the STM electrochemical cell containing a 0.1 M HClO4 solution.  The 

electrode potentials given henceforth are in reference to a Ag/AgCl electrode, although a 

platinum wire was used as a quasi-reference electrode.   
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Figure 5.1: Structure and motion of a bistable rotaxane molecule, R, adsorbed on 
Au{111} investigated using electrochemical scanning tunneling microscopy.  (A) The 
tetracationic cyclobis(paraquat-para-phenylene) ring (CBPQT4+, blue) is known to move 
along the thread between two recognition sites (tetrathiafulvalene, TTF, green and 1,5-
dioxynaphthalene, DNP, red stations) depending on the redox state of the TTF unit.  (B) 
The protrusions are assigned as CBPQT4+ rings.  (C) In its reduced state at +0.12 V, the 
CBPQT4+ ring prefers to encircle the TTF station.  (D) Upon oxidation (+0.12 V to 
+0.53 V) of TTF into a radical cation, electrostatic repulsion propels the ring to the DNP 
station (blue arrow).  (E) Upon reduction (+0.53 V to +0.12 V) of TTF to neutrality, the 
DNP station relaxes back to its thermodynamically favorable position, the TTF station 
(red arrow).  Imaging conditions: Vs = 0.3 V; It = 2 pA.  The Faradaic current was 
typically less than 10 pA.  
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5.2.2 Electrochemical Scanning Tunneling Microscopy 

Refer to Chapter 1 for a description of STM operation.  Here, the rotaxane 

molecule was analyzed using a PicoSPM microscope (Molecular Imaging, AZ) 

controlled by an RHK STM-100 controller (MI) and electrochemically etched tungsten 

tips insulated with paraffin wax. 

 

5.2.3 Cyclic Voltammetry 

To verify the electrochemical reactivity of the R4+ molecule, a monolayer of R4+ 

was formed by immersing a gold bead into 0.1 mM R4+ 4PF6 acetonitrile solution for 

48 hours (the increased time and concentrations are used to ensure sufficient coverage for 

electrochemical studies).  Under 0.1 M HClO4, the cyclic voltammogram (CV) of R4+ 

adsorbed on Au{111} showed two anodic peaks at +0.15 V and +0.44 V and one 

cathodic peak at +0.55 V.  A previous electrochemical study by Tseng et al. [86] 

observed two anodic peaks and two cathodic peaks associated with two monoelectronic 

redox processes of adsorbed bistable rotaxane under a non-aqueous electrolyte.  The 

positions of the three peaks and their relative amplitudes in the CV are similar to the 

corresponding peaks in Tseng et al.’s work.  However, the second anodic peak, which 

previously appeared at +0.6-0.7 V, was not clearly resolved in our study.  This absence is 

most likely a consequence of the limited potential window afforded by an aqueous 

electrolyte.  The onset of hydroxide formation on gold surfaces starts near +0.6-0.7 V 

[206], overwhelming a possible second oxidation peak.  Similarly, we are not able to 

probe the redox reactions of the ring that occur below -0.4 V due to the onset of hydrogen 

evolution.  Integrated charge density associated with the second cathodic peak is 
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1.84 µC/cm2.  Therefore, we calculate that each molecule occupies about 87 × 87 Å2.  

This area is compared to the 40 × 40 Å2 footprint of a rotaxane with only one disulfide 

tether [86].  This observation suggests that with the tethers at both ends, the footprint of 

R4+ is increased because of its adsorption parallel to the surface.    

 

5.3 Results and Discussion 

The thread section of the dumbbell is assumed to assemble parallel to the surface 

[101].  The distance between the two stations (TTF and DNP) in the fully stretched 

dumbbell would be 36 Å.  In situ STM images of the bistable rotaxane molecules 

adsorbed on Au{111} showed (Figure 5.1B) apparent protrusions ~3 Å high and 10-12 Å 

laterally.  No protrusions were observed when a bare gold surface and a control molecule 

– i.e., the dumbbell compound without the CBPQT4+ ring – were treated and imaged 

under identical conditions as for the bistable rotaxane (Figure 5.2).  The dumbbell 

component was apparently not sufficiently conductive to be resolved by STM.  However, 

the CBPQT4+ rings, having higher electrical conductivity and greater height relative to 

the dumbbell, appear as protrusions in STM images [43].  The protrusions are therefore 

assigned to be the CBPQT4+ rings (Figure 5.1B), consistent with prior STM studies [205].   

To study the station changes in R4+, we imaged the same surface region 

repeatedly and tracked the positions of protrusions using image processing routines, 

developed previously [7,20,44,45,47,76,77,207].  The images were corrected for lateral 

drift and the coordinates were identified by calculating the centroids of the protrusions.   
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Figure 5.2: Scanning tunneling microscope images of Au{111} under 0.1 M HClO4 at 
electrode potential of +0.35 V vs. Ag/AgCl electrode (Vs = 0.3 V; It = 2 pA).  (A) Control 
experiment, no molecules (vertical scale: 10 Å); (B) dumbbell component of R4+ on 
Au{111} (CH2Cl2: 5 sec, 5 µM adsorption) (vertical scale: 15 Å); (C) R4+ on Au{111}.  
The protrusions are due to the CBPQT4+ rings (vertical scale: 20 Å).  Imaging conditions: 
Vs = 0.3 V; It = 2 pA.  The Faradaic current was typically less than 10 pA.   
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Figure 5.3: Cyclic voltammogram of R4+ adsorbed on Au under 0.1 M HClO4.  
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Trajectories were determined by minimizing sums of the squares of the 

displacements.  We imaged the molecules at two different electrode potentials, +0.12 V 

and +0.53 V, for which the TTF station is in the reduced (neutral) state, and in its 

oxidized (cationic) state, respectively (Figure 5.3).  Significant displacements were 

observed when the potential was stepped from +0.12 V to +0.53 V (vs. Ag/AgCl) and 

when the potential was returned to +0.12 V.  Figure 5.1C,D shows the displacement 

trajectory (blue arrow) of one such ring.  The correlations between the potential change 

and ring motion suggest that the TTF station becomes positively charged and repels the 

CBPQT4+ ring.  Subsequently, the potential was stepped down from +0.53 V to +0.12 V 

and the protrusions underwent further displacements (Figure 5.1D,E; red arrow) 

suggesting that the CBPQT4+ ring returns to its thermodynamically more favored position 

encircling the neutral TTF station [101].  In this example (Figure 5.1C-5.1E), shuttling of 

the ring between the two positions was ~30 Å, which corresponds to the approximate 

distance between the two stations in R4+.  We observed many such motions, but the 

displacements varied, as described below. 

Displacements of all the protrusions arising from the molecules in larger areas 

(320 × 320 Å2) of the sample were tracked as station changing was induced by potential 

steps from +0.12 V to +0.53 V and back (Figure 5.4).  The images were superimposed 

and the protrusion centroids were filtered and correlated with the motions of each 

CBPQT4+ ring.  The blue and red arrows represent displacements induced by these 

potential steps (as in Figure 5.1C-E).  Figure 5.4 shows a wide range of displacements 

and angles between the trajectories during first (oxidation) and second (reduction) steps. 
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Figure 5.4: A STM image of R4+ adsorbed on Au{111} under 0.1 M HClO4 solution. 
The three images with potentials +0.12 V, +0.53 V, and +0.12 V are superimposed and 
the protrusions on all three images have been marked.  The trajectories of a large number 
of motions of CBPQT4+ rings after potential steps from +0.12 V to +0.53 V and back to 
+0.12 V are marked with blue and red lines, respectively, as in Figure 5.1C-E 
(320 Å × 320 Å). 
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To understand the motions of CBPQT4+ rings of R4+ at different potentials, the 

displacements of a large number of protrusions were plotted in histograms (Figure 5.5).  

At each potential, the sample was equilibrated for 10 min.  The root mean square (rms) 

displacements observed at +0.12 V and +0.53 V were 5.5 Å and 6.2 Å (Figure 5.5A, 

5.5B), respectively.  Most of the protrusions remained at the same positions, within the 

measurement error (3-5 Å), when monitored in successive images under constant 

potential.  A few protrusions (<10) appeared or disappeared between frames, despite 

appearing in the majority of images; we attribute this observation as most likely the result 

of conformational changes that reduce the conductance path through the rings to the 

substrate [20,44].  Here, the rms displacements of more than 90% of molecules are equal 

to or less than the distance between the two stations in the fully stretched model of R4+, 

and thus, could be accounted for and attributed to the station changes.   

Histograms of displacement with oxidation steps (Figure 5.5C) showed a wide 

range of values (0-55 Å).  The rms displacement was 20 Å, smaller than the distance 

between two recognition sites (36 Å) in a fully extended bistable rotaxane.  Several 

factors influence the observed displacements.  The wide distribution of values suggests 

the flexible nature of the dumbbell, along which the ring moves.  The segment between 

the two stations (Figure 5.1A) is flexible because of the presence of ethyleneglycol 

chains, and thus, it is likely to deviate from a linear conformation.  On account of 

bending of the center segment between the TTF and DNP stations, the average 

displacement of the ring is expected to be smaller than 36 Å.  In addition, conformational 

changes in the dumbbell and tethers would change the apparent ring displacement.  A 

fully extended side segment is 20 Å long (Figure 5.1A) and with wagging of this segment  
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Figure 5.5: Histogram of measured displacements of protrusions over 10 min at different 
potentials.  (A) The surface was equilibrated at +0.12 V; (B) the surface was equilibrated 
at +0.53 V; (C) the potential was stepped from +0.12 V to +0.53 V and displacements 
were measured by comparing images acquired before and after the potential step; (D) the 
potential was stepped back from +0.53 V to +0.12 V and again the displacements were 
measured.  
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around the thiolate tethers can shift the stations by up to 20 Å.  Therefore, we anticipate 

ring displacements to be 0-56 Å, consistent with the observed range.  Conformational 

changes in the dumbbell component could be induced by the interplay of forces in which 

the electrochemically driven station changing competes with the π-electron interactions 

of one of the bipyridinium units in the CBPQT4+ with the substrate.  The result of these 

forces could be conformational changes in the dumbbell and/or displacement of the 

thread section of the dumbbell.  (If the dumbbell were fully stretched or was rigid by 

design, this would not be possible.)   

Displacements are relatively smaller where the molecules are clustered.  

Previously, ensemble studies showed that the speed of switching was reduced 

dramatically when bistable rotaxanes were placed in condensed monolayers or gel 

matrices [66].  Nonetheless, adsorbed rotaxane molecules can block ion adsorptions, and, 

in changing state, could lead to coordinated mechanical strain [200] as well as significant 

changes in optical properties if deliberately assembled on appropriate substrates [208]. 

By stepping back the potential to +0.12 V (reduction step), a wide range of 

displacements was once again observed.  The rms displacement of 16 Å is within the 

measurement error of the 20 Å displacement observed during the oxidation step.  To 

understand the correlations between the two sets of motions, we calculated the angles 

between the trajectories during the first (oxidation) and second (reduction) steps.  The 

angles of the second trajectories were measured and it was found that 75% of the angles 

are between 90° and 270° (Figure 5.6).  By contrast, random walks would not display 

such anticorrelated directions.  By controlling the oxidation state of the TTF units, the 

CBPQT4+ rings on individual molecules can be driven back and forth between stations.   
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Figure 5.6: Polar graph of displacement vectors after the potential step from +0.53 V to 
+0.12 V.  The angle is referenced against the trajectories after the potential was stepped 
from +0.12 V to +0.53 V.  The angular distribution suggests that the protrusions have the 
tendency to move in opposite directions when molecules are reduced back to the original 
state.  
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Although STM has not directly visualized the stations on the dumbbells, the reversibility 

provides evidence that electrochemical station changing is driving the motion of the 

rings.  Because of the flexibility of the dumbbells, one does not expect most of the 

CBPQT4+ rings to move back and forth between fixed positions.  

 

5.4 Conclusions and Future Directions 

Using ECSTM, we observed electrochemically controlled station changes of 

individual bistable rotaxane molecules in situ.  Motions of the CBPQT4+ rings were 

correlated with redox states of the TTF station and displayed partial reversibility.  The 

trajectories of the rings suggest that once a bistable rotaxane molecule is adsorbed on a 

surface, the motion of the CBPQT4+ ring relative to the dumbbell is affected by its local 

environment and the flexibility of the molecule.  Such insights are important for 

nanoelectromechanical and nanoelectronic devices based on mechanically interlocked 

compounds.  Bistable rotaxane molecules with rigid dumbbells should enable consistent 

and fully reversible motions, as well as direct visualization of the rings and the shafts of 

the molecules.  The molecular design and synthesis of such systems are underway. 
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Chapter 6 

 

MANIPULATION OF DOUBLE-DECKER PHTHALOCYANINE MOLECULES 
ON HOPG 

 
 

6.1 Introduction 

Precise control of molecular assemblies on substrates is central for development 

of molecular-scale devices.  The formation and characterization of ordered adlayers of 

porphyrin and/or pthalocyanine (Pc) based DD molecules on metal surfaces are key 

elements in building functional arrays of DD-based molecular rotors.  In this chapter, we 

demonstrate the ability to control molecular placement in DD arrays using pthalocyanine 

(Pc) as bottom ligands on highly oriented pyrolytic graphite (HOPG) substrates.  We used 

the STM probe tip to manipulate single DD molecules.   

In the last decade, substantial efforts have been made in synthetic and self-

assembly techniques that have resulted in increasingly sophisticated supramolecular 

structures [64,93,209,210].  Sandwich complexes such as DD molecules, where Pc and 

porphyrins (Por) are connected by rare-earth cations, and are promising candidates for 

controlled arrays of molecular switches [14] and molecular motors [12,211] because of 

their unique photophysical and redox properties in the solution phase [24].  Molecular 

orientation and positions of these DD molecules in crystalline thin films are important for 

the control of the physical and chemical properties of the films.  Double-deckers can also 

be used to realize coupled single-molecule devices by employing single-molecule 

manipulation and recognition techniques [212].   
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Scanning tunneling microscopy has been utilized to characterize well-ordered 

arrays of homoleptic DD molecules with octakis(octyloxy)phthalocyaninato ligands, 

where the periodicity was regulated by the surrounding alkyl chains [213-215].  Long 

alkyl chains are added to the molecular periphery to immobilize DD molecules on HOPG 

surfaces [216-223].  Previously, heteroleptic DD molecules with long alkyl chains 

surrounding the bottom ligands were observed, and isolation of the DD molecules was 

also demonstrated [224,225].  Ye et al. [225] changed the size of the top ligand of the DD 

molecules to vary the intermolecular distances to study surface structure and their 

interactions.   

In this chapter, we controlled the molecular orientation of naphthalocyanine- (Nc) 

and Pc-based DD molecular arrays on HOPG.  Two-dimensional arrays of DD molecules 

(Nc)Sm[Pc(OC8H17)8] were physisorbed on substrates using metal-free H2Pc(OC8H17)8 as 

the bottom ligand and were imaged using room-temperature liquid-cell STM.  Previously, 

the STM probe tip has been used to manipulate large molecules at room temperature 

[226,227].  Here, we demonstrate the STM probe tip lateral manipulation (LM) of single 

DD molecules in arrays that can be utilized to move and to arrange DD molecules to form 

defined structures.   

 

6.2 Experimental Procedure 

6.2.1 Sample Preparation 

Metal-free H2Pc(OC8H17)8 and heteroleptic double-decker complexes 

(Nc)Sm[Pc(OC8H17)8] were synthesized according to published procedures by our  
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Scheme 6.1: Molecular structures of double-decker molecule (Nc)Sm[Pc(OC8H17)8] 
(upper) and  Pc(OC8H17)8 (lower).  Nc = naphthalocyanine; Pc = phthalocyanine. 
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collaborators at Shandong University, China [228-231].  The double-decker molecules 

were dissolved in 1-phenyloctane.  For the co-adsorption experiments, the total 

concentration was kept in the range of 1-10 μM.  A solution was prepared with two parts 

50% saturated Pc(OC8H17)8/PhC8H17 and one part (Nc)Sm[Pc(OC8H17)8]/Pc(OC8H17)8 

(1:10).  The graphite (HOPG, ZYA, 10 mm × 10 mm, GE Advanced Ceramics, 

Strongsville, OH) was immersed under 20-30 μL of solution contained in a Teflon liquid 

cell. The sample under the solution was annealed at 50 °C before cooling down to 30 °C.   

 

6.2.2 Scanning Tunneling Microscopy 

The STM observations and manipulations were carried out on a liquid cell Pico 

SPM microscope head (Molecular Imaging) controlled by a low-noise analog controller 

(SPM 1000, RHK Technology).  All STM images were recorded under constant-current 

mode at -0.5 V sample bias voltage, and tunneling currents of 1-2 pA under 

1-phenyloctane solution on HOPG.  A mechanically cut Pt-Ir (80%-20%) wire was used 

as the STM tip.  All the horizontal scales of the STM images were calibrated using the 

hexagonal lattice of HOPG (a = 0.246 nm) and all the vertical scales of the STM images 

were calibrated with monoatomic steps of HOPG (c/2 = 0.34 nm). 

Lateral manipulation by the STM is used to relocate atoms/molecules across the 

surface.  A typical LM procedure involves three steps: (1) vertical approach of the STM 

probe tip toward the target molecule, (2) moving the tip parallel to the surface to move 

the molecule under the influence of the tip, and (3) retracting the tip back to the normal 

imaging height thereby the molecule is left at the final location on the surface [232,233].  

We employed the RHK manipulation feature to manipulate the DD molecules.  The STM 
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tip-substrate distance (z) was decreased as compared to the imaging condition tip-

substrate distance by increasing the tunneling current (It) and/or decreasing the sample 

bias voltage (Vs).  An oscilloscope was used to profile the changes in z during 

manipulation.  A cut-off current was set to trigger the oscilloscope acquisition during 

each manipulation.  During the process, the probe tip was moved to push the molecules 

within the path of the tip (vide infra). 

 

6.3 Results and Discussion 

6.3.1 Structure of the Thin Films 

The structures of H2Pc(OC8H17)8 and (Nc)Sm[Pc(OC8H17)8] are shown in  

Scheme 6.1.  Scanning tunneling microscope topographic images of thin films of a 

mixture of H2Pc(OC8H17)8 and (Nc)Sm[Pc(OC8H17)8] on HOPG are shown in Figure 6.1.  

A H2Pc(OC8H17)8 monolayer forms a well-ordered quasi-hexagonal and square lattice, 

with lattice constants of 2.5 ± 0.1 nm, consistent with earlier observations [225] (Figure 

6.1A).  The thin film shows two types of protrusions with apparent height differences of 

0.3 – 0.4 nm.  A square lattice of 3.0 ± 0.1 nm was observed in the more protruding 

domains (Figure 6.1A).  The less protruding area is assigned as H2Pc(OC8H17)8 and the 

more protruding area is assigned as DD molecules.  Figure 6.1B shows an area of the 

mixed monolayer with DD molecules.  Most of the isolated DD molecules were in 

registry with the surrounding H2Pc(OC8H17)8 lattice and the bottom of the Pc(OC8H17)8 

ligand of the DD is parallel to the H2Pc(OC8H17)8 matrix.  The film of mixed monolayer 

is stable and does not rearrange or degrade at these imaging conditions  
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Figure 6.1: (A) Topographic STM images of thin films of a mixture of H2Pc(OC8H17)8 
and (Nc)Sm[Pc(OC8H17)8] on HOPG.  (B) An area of the mixed monolayer occupied 
with DD molecules.  Dark areas correspond to H2Pc(OC8H17)8, lattice constants: 
a = 2.5 ± 0.1 nm and b = 2.4 ± 0.1 nm.  Lighter areas correspond to DD molecules: lattice 
constants: l = 3.0 ± 0.1 nm and k = 3.0 ± 0.1 nm.  Imaging conditions: Vs = -0.5 V and 
It = 2 pA.  
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Figure 6.2: With time (30 min), few changes in the mixed monolayer of DD and 
H2Pc(OC8H17)8 molecules were observed in STM images (It = 2 pA; Vs = -0.5 V).  
Circles show one desorbed molecule.  
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Figure 6.3: A-I. Oscilloscope traces for the STM tip-sample distance (yellow) and 
tunneling current (blue) during the manipulation step of molecules.  The corresponding 
sample bias voltage and current values are given as (Vs; It).  J. Mixed monolayer of DD 
and H2Pc(OC8H17)8 molecules on HOPG.  The green arrow is the direction of tip 
movement with (-0.3 V; 21 pA).  The molecule being manipulated moved along the white 
arrow.  K. Image of the area after manipulation.  Another molecule was pushed upward 
(pink arrows).  Imaging conditions: Vs = -0.5 V and It = 2 pA. 
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(Vs = -0.5 V; It = 2 pA).  Figure 6.2 shows two images of the same scan area recorded 

with a 30 min time difference.  After 30 min of imaging under 1-phenyloctane, there is no 

change in the monolayer, except one desorbed molecule (Figure 6.2, in circle).  We 

believe that the molecule desorbed into the 1-phenyloctane solution.   

 

6.3.2 STM Probe Tip Manipulation of Molecules 

We used the STM probe tip to manipulate the physisorbed DD molecules on 

HOPG.  To manipulate the molecules on the surface, we increased the tunneling current 

and/or decreased the sample bias voltage to bring the probe tip closer to the surface, as 

compared to the imaging conditions.  When the probe tip-substrate distance is smaller 

than the height of the molecule on the surface, the probe tip is buried into the molecular 

layer.  In this manipulation condition, when the probe tip is moved, it also moved the 

molecules within its path.  To explore the conditions needed to manipulate molecules, we 

varied the tunneling parameters.  Figure 6.3 shows the optimum condition for 

manipulation for this system (Vs = -0.3 V; It = 21 pA).  To monitor the manipulation 

steps, we employed an oscilloscope to track the tunneling current (Figure 6.3A-6.3I, blue 

traces).  Another trace (yellow) is used to track the motion of STM probe tip in 

perpendicular direction to the surface, which is happening due to changes in probe tip-

substrate distance.  Images recorded before and after the manipulation steps were 

compared.  

We started with a lateral manipulation conditions of Vs = -0.7 V; It = 5 pA (Figure 

6.3A).  The blue trace went up, showing the increase in current from the imaging 

tunneling current (2 pA) to the manipulation tunneling current (5 pA).  The probe tip 
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moved closer to the surface and we can observe a corresponding decrease in the yellow 

trace (Figure 6.3A).  With this condition, we moved the probe tip in the direction shown 

in Figure 6.3J along the green line.  After this step, we did not observe any change in the 

imaged area (i.e., manipulation did not move the molecule).  We also observed a broad 

peak-like structure in the yellow trace (Figure 6.3A), which appeared due to the probe tip 

moving upward and crossing above the molecule; hence, the manipulation conditions 

were not strong enough to move the molecule coming into the path of the tip.  We 

continued to increase the current and decrease the bias voltage in order to bring the probe 

tip closer to the surface (shown in Figure 6.3A-6.3I).  Only with the conditions of 

Vs = -0.3 V and It = 21 pA did we not observe any peak-like structure in the yellow trace, 

and the STM image showed that the molecule moved (Figure 6.3K).  Thus, this 

manipulation condition is sufficient to move the molecule coming into the path of the tip.  

With this, we established that at the conditions of Vs ≤ -0.3 V and It ≥ 21 pA, we could 

manipulate the DD molecules on HOPG.  All the molecules appeared as if paired 

together due to a double tip feature.  All images, henceforth, given in this chapter possess 

this feature. 

The mechanism of LM of molecules or atoms using a STM probe-tip interaction 

has been categorized as three basic modes, “pushing”, “pulling”, and “sliding” [232].  In 

the pushing mode, repulsive tip-molecule interaction drives the molecule to move in front 

of the tip.  In the pulling mode, the molecule follows the tip due to an attractive tip-

molecule interaction. In the sliding mode, the atom is virtually bound or trapped under 

the tip and it moves across the surface together with the tip.  
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During the stepwise exploration for effective LM conditions, we tracked the 

changes in the current and tip-substrate distance using an oscilloscope.  In the weak LM 

condition in Figure 6.3A-6.3C, we observed an increase in the tip-substrate distance 

(peak in yellow traces).  We believe that the tip-molecule interactions during these steps 

were not generating sufficient lateral force to overcome the hopping barrier of the DD 

molecule in the matrix of H2Pc(OC8H17)8.  The probe tip followed the contour of the 

molecule while crossing over the molecule without moving or desorbing it.  Since, the 

electrons are tunneling through a more conducting DD molecule, the tip retracts to 

maintain the current and cross over the molecule, generating a peak in the yellow trace.  

Only in the LM step shown in Figure 6.3J, the interactive force is strong enough to 

overcome the hopping barrier of the molecule and thus move the molecule.  During this 

successful LM step, the tip does not cross over the molecule and we did not observe any 

peak in the yellow trace.  We also observed that instead of following the probe tip 

manipulation direction (green arrow), the molecule moved along the direction of the 

white arrow.  The independent motion in the molecule may occur due to the pushing 

mode manipulation, where the repulsive tip-molecule interaction drives the molecule in 

front of the tip.  Therefore, the molecule is not bound to follow the tip trajectory and is 

presumably guided by the underlying H2Pc(OC8H17)8 matrix [234,235].  We hypothesize 

that the DD molecules only moved along the lattice directions or along the domain 

boundaries within the H2Pc(OC8H17)8 lattices.  During the intermediate steps (Figure 

6.3D-6.3H), the molecule did not move, however, we do not observe a clear peak in the 

yellow trace, either.  More experiments are needed to understand the tip-molecule 

interactions during these intermediate steps. 
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6.3.2.1 Detaching Molecules from an Island using Probe Tip Manipulation 

After exploring the optimal conditions for manipulating the DD molecules, we 

detached a DD molecule from an island of DD molecules with Vs = -0.3 V and 

It = 21 pA.  Figure 6.4B shows the path of probe tip used to manipulate the island.  One 

molecule (black circle in Figure 6.4B) broke out of the island due to 2D desorption of the 

molecules between the molecule and the island (black arrows).  The oscilloscope trace for 

the z shows a small, broad peak-like signal (Figure 6.4A, yellow trace) due to the probe 

tip moving above the corner molecule in the island (pink arrow).  The probe tip could not 

move the corner molecule under the above LM conditions.  This indicates that the corner 

molecule is strongly attached to the island and a larger repulsive force is required to 

successfully push it.  Again, all of the molecules shown in the images appear as “pairs” 

due to the double-tip feature.   

 

6.3.2.2 Splitting and Combining a Pair of Molecules Using Probe Tip Manipulation 

Probe tip manipulation can also be used to split or to combine a pair of molecules.  

Figure 6.5A and 6.5B shows the splitting of a pair of molecules.  The probe tip was 

placed in between molecules 1 and 2 with LM conditions of Vs = -0.1 V and It = 21 pA 

and the probe tip was moved along the path of the green arrow, as shown in Figure 6.5A.  

The molecules become separated after this step (Figure 6.5B), however, the direction of 

motion was not along the tip trajectory (green arrow).  The probe tip pushed only 

molecule 2, but we observed that molecules 1 and 2 moved in opposite directions, along  
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Figure 6.4: A. Oscilloscope traces for the manipulation of an island of DD molecules.  
Manipulation condition was Vs = -0.3 V; It = 21 pA.  B. Island of DD molecules is 
manipulated using STM.  The probe tip moved along the green arrow, breaking the 
island.  C. Circled molecule broke away from island.  A few molecules desorbed after 
manipulation (black arrows).  Molecule with pink arrow stayed intact with the island.  
Imaging conditions: Vs = -0.5 V and It = 2 pA. 
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Figure 6.5: A pair of DD molecules is split and combined using manipulation 
(Vs = -0.1 V and It = 21 pA).  A-B. The probe tip is placed between the molecules and the 
manipulation step was applied to split the pair.  The probe tip was moved along the green 
arrow.  However, the molecules 1 and 2 moved along the white arrows.  C-D. Molecule 3 
was manipulated to form a pair with 4.  The probe tip was moved along the green line.  
However, 3 moved along the white lines and pushed 4, as shown in 6.5C.  Imaging 
conditions: Vs -0.5 V and It = 2 pA.  
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the white arrows.  Again, the molecule is not bound to follow the tip trajectory and is 

moved along the lattice directions or along the domain boundaries within the 

H2Pc(OC8H17)8 lattices [234,235].   

We manipulated two molecules to combine them as a pair (Figure 6.5C and 

6.5D).  The tip trajectory is shown by the green arrow and the molecular movements by 

the white arrows.  Together with the motion of molecule 3, we also observed the 

molecule 4 move upwards (as depicted).  It is not clear if the motion of molecule 4 is 

triggered due to the impact with molecule 3 or due to repulsive interaction with the probe 

tip.  Directions traced by 3 and 4 were again along the lattice directions of the 

H2Pc(OC8H17)8 lattice.   

 

6.4 Conclusions and Future Directions 

In this chapter, we demonstrated that DD molecules can be moved on HOPG 

under 1-phenyloctane using the STM probe tip.  We manipulated two molecules together 

and split a pair of molecules.  Using the LM technique, molecules can be assembled in 

different geometries.  The DD molecules have rotating tops that can be interlocked by 

placing them next to each other, restricting rotation or transducing rotation like a set of 

gears [26,196,236,237].  The nature of forces involved in the LM process and the 

mechanism of the molecule movements need to be explored in more detail.  

  



  105 

Chapter 7 

 

CONCLUSIONS AND FUTURE PROSPECTS 
 

 

This dissertation focused on the design of molecules and their assemblies on 

substrates for understandings and applications in molecular devices.  Chapter 1 provided 

an introduction to SAM assemblies and STM instrumentation.  In Chapters 2 and 3, we 

controlled the photo-induced isomerization of single azobenzene-functionalized 

molecules isolated in tailored decanethiolate SAM matrices on Au{111}.  We prepared 

1D chain structures of these molecules and studied their switching with photons and 

electrons.  Switching of assemblies provided understanding about electron transfer along 

electronically coupled molecular chains.  In Chapters 4 and 5, we studied rotaxane 

molecules, which behave as artificial muscles.  We created nanoscale asseblies of these 

artificial molecules to generate forces at the microscale.  Motion of single rotaxane 

molecules was studied using ECSTM to understand how they move and to improve the 

design of the molecules for more efficient work generation.  In Chapter 6, we controlled 

the placement of double-decker molecules using STM probe tip lateral manipulation.   

 

7.1 Switching of Single Molecules and Their One-Dimensional Assemblies 

The work in this dissertation represents a contribution towards the understanding 

of switching of azobenzene-functionalized molecules (1) at a single-molecule level as 

well as in 1D assemblies.  The work on molecule 1 has been performed in collaboration 

with the Tour group at Rice University, who synthesized the molecules, as well as with 
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the Crespi group at Penn State University, who performed theoretical calculations on our 

system.  In Chapter 2, photo-induced isomerization of isolated single molecules of 1 was 

achieved.  We engineered the design of the molecule to suppress excited-state quenching 

from the metal substrate and to form rigid assemblies of single tethered 1 molecules in 

the domains of the monolayer to limit steric constraints, as well as tip-induced and 

stochastic switching effects.  We demonstrate a controlled reversible photoisomerization 

of single molecules between trans and cis conformations by exposure to UV and visible 

light.  We imaged the trans and cis conformations using STM and assigned them to the 

ON and OFF states of the molecule, respectively. 

We prepared 1D chain structures of 1 molecules in the domain boundaries of a 

decanethiolate SAM matrix on Au{111}.  We switched the chain structures from trans to 

cis using UV light and observed that the molecules in the chain isomerize in concert.  

This concerted switching was attributed to the electronic coupling between the molecules 

within the chains.  To demonstrate the extent of the electronic coupling, we employed a 

STM probe tip for electron-induced isomerization of azobenzenes.  We induced the 

isomerization at one end of the chains and observed the isomerization of the entire 

>100 Å long chains.  The tunneling electrons supplied at one end of the chain, delocalize 

along the 1D structure, and induce isomerization of all the molecules in the chain.  We 

hypothesized that π-orbital overlap of the molecules in the 1D structures enables the 

electrons to delocalize along the chain, like a conductor.  To understand this phenomenon 

in greater detail, theoretical calculations are being performed.   
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The work described in Chapters 2 and 3 has resulted in the following publications: 

Reversible Photo-Switching of Single Azobenzene Molecules in Controlled Nanoscale 
Environments, A. S. Kumar, T. Ye, T. Takami, B. C. Yu, A. K. Flatt, J. M. Tour, and P. 
S. Weiss, Nano Letters 8, 1644-1648 (2008). 

Electronic Dominoes: Transport through Assembled One-Dimensional Supramolecular 
Wires, A. S. Kumar, B. K. Pathem, D. A. Corley, T. Ye, V. J. Aiello, V. H. Crespi, J. M. 
Tour, and P. S. Weiss, in preparation. 

 

Quenching of the excitation responsible for isomerization of the azobenzene 

moiety is observed to reduce by lifting the moiety off the substrate and by minimizing the 

conductivity of the tether [20,71].  To this end, B. K. Pathem is working on 

systematically varying the conductivity of the tethers and studying the efficiency of 

photo-isomerization of the azobenzene moiety.  Initial results confirm our hypothesis that 

photo-isomerization is suppressed when the conductivity of the tether is increased 

sufficiently.  In future, a tether with intermediate conductivity will be employed to 

investigate the role of tether conductivity on photo-isomerization.  This molecule will 

have a phenyl ring attached to the azobenzene moiety.  The phenyl ring has an 

approximately 30o twist angle with respect to the normal axis, thereby decreasing the 

degree of π-conjugation and thus decreasing the extent of conductivity through the 

molecule as compared to a fully conjugated system.  This molecule is being synthesized 

by the Tour group at Rice University.  Theoretical calculations for estimating the 

difference in conductivity of the tethers are being performed by the Jensen group at Penn 

State University.  Correlation of the experimentally observed switching efficiency with 

the calculated conductivity of the tethers will give a quantitative determination of the role 

of the tethers in photo-isomerization.   
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In order to map the roles of collective effects in molecular motion or structural 

phase transitions in 2D, we need to overcome the problem of steric hindrance in the 

lattice.  For future experiments, we have designed cage, especially adamantanetrithiol-

based, molecules functionalized with azobenzenes to create space around each 

azobenzene unit thereby providing sufficient spatial freedom for switching of the entire 

monolayer [238,239]. Also, the adamantyl cage would be expected to decouple the 

azobenzene moiety electronically from the substrate, thereby improving switching 

efficiency.  This molecule is being synthesized by the Tour group at Rice University.  

Photo-induced isomerization studies should be conducted on these molecules and their 

switching efficiencies should be compared with that of molecule 1 and molecules with 

more conducting tethers.   

The 1D chain structures can be grown easily, however, further work is required to 

develop control over their placement on substrates, as well as their lengths.  Currently, V. 

J. Aiello is working to expand the library of molecules that can be assembled as 

molecular chains in a variety of host matrices.  To understand the propagation of 

electrons in the 1D chains of azobenzenes, different molecules with similar structural 

properties, yet different electronic properties, such as stilbene, will be mixed in the chain 

structure [75,240-242].  Electron-induced isomerization experiments in such mixed 

chains may reveal the pathways of electron travel along the chains. 
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7.2 Rotaxane: An Artificial Muscle Molecule 

The structure of specially designed rotaxane molecules, model systems for an 

artificial muscle, can be changed reversibly between two (or more) stable states via redox 

reactions [22,86,194,203].  In Chapter 4, we used the electrochemically-induced 

nanoscale motion within the molecule to generate microscale motions by arranging them 

to work in unison.  We assembled these molecules on microscale levers to produce forces 

that bend the levers reversibly and to generate microscale motion.  Compared with their 

chemically-driven counterparts, the electrochemically-driven molecular-muscle-based 

actuators can be operated much faster, more conveniently, and with larger responses. The 

use of cooperative forces generated by these artificial molecular muscles constitutes a 

seminal step toward molecular-machine-based nanoelectromechanical systems.   

In order to control motion and orientation, in Chapter 5, we controlled the 

conformational changes in rotaxanes at the single-molecule level using ECSTM, and 

observed that conformational changes correlate with the known redox states of rotaxanes.  

The mechanical motions of these interlocked molecules are influenced by their 

interactions with the surface and with neighboring molecules, as well as by 

conformations of the thread component. 

The work described in Chapters 4 and 5 has resulted in the following publications: 

A Mechanical Actuator Driven Electrochemically by Artificial Molecular Muscles, B. K. 
Juluri, A. S. Kumar, Y. Liu, T. Ye, Y. W. Yang, A. H. Flood, L. Fang, J. F. Stoddart, P. 
S. Weiss, and T. J. Huang, ACS Nano 3, 291-300 (2009). 

Changing Stations in Single Bistable Rotaxane Molecules under Electrochemical Control, 
T. Ye, A. S. Kumar, S. Saha, T. Takami, T. J. Huang, J. F. Stoddart, and P. S. Weiss, 
submitted for publication. 
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In future, bistable rotaxane molecules with rigid dumbbells should be studied to 

enable consistent and fully reversible motions, as well as for the direct visualization of 

the rings and the shafts of the molecules.  The molecular design and synthesis of such 

systems are underway by the Stoddart group at Northwestern University.  The rigid 

backbone will also help us align the molecules in specific directions thereby generating 

greater force in actuation applications.  

 

7.3 Double-Decker Rotors 

Double-decker molecules, having two parallel porphyrin or phthalocyanine rings 

connected by rare earth metal cations, were assembled on HOPG to study both rotary 

motion dynamics of isolated DDs, and the collective interactions of ensembles whose 

rotors interact as intermeshed gears.  In Chapter 6, we demonstrated the STM probe tip 

lateral manipulation of single DD molecules in arrays that can be utilized to move and to 

arrange DD molecules to form defined structures.  Using this manipulation technique, 

molecules can be assembled in different geometries.  In future work, better control over 

the DD molecules, having a rotating top, should be developed to interlock molecules by 

placing them next to each other, thereby restricting rotation or transducing rotation like a 

set of gears.   

 

7.4 Concluding Remarks 

The research described in this dissertation is primarily related to the design of 

molecules and their assemblies on substrates for their application in molecular electronics 

and molecular motors.  Novel instrumentation was employed to induce and to understand 
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motion, structural changes, and electronic changes in single molecules and their 

assemblies.  Our results have elucidated new directions for the development of future 

electronic circuitry, and have revealed new factors that strongly affect the behavior of 

surface-bound molecules.  The results presented here demonstrate the continued 

importance of self-assembly as a host matrix to support a bottom-up method of 

constructing nanoscale machineries. 
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