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Abstract 
 

This thesis is centered on studying the charge transport in molecular wire films with 

a variety of architectures and investigating the structure-property relationships in these 

systems. In particular, a comprehensive surface and electrical characterization of self-

assembled monolayers (SAMs) of π-conjugated molecular wires is demonstrated. We 

extensively used conducting probe atomic force microscopy (CP-AFM) as the primary tool 

for making electrical measurements on molecular wires and elucidating the charge 

transport mechanisms in these ultrathin organic films. Nanoscopic metal-molecule-metal 

junctions (molecular junctions) were formed by bringing an Au-coated AFM probe into 

contact with monolayers on Au substrates and current-voltage (I-V) characteristics of the 

junction were measured. The contact areas are in the order of 50 nm2 at a compressive load 

of 1-2 nN and the junctions typically consist of ~50 molecules. We also used cyclic 

voltammetry (CV) as a complementary method to investigate the kinetics of electron-

transfer (ET) in a series of molecular wires terminated with the redox active ferrocene unit. 

The molecular wires studied in this thesis were all derivatives of the previously reported 

oligophenyleneimine (OPI) wires and were synthesized on Au surfaces using a stepwise 

approach based on the imine condensation reaction. The formation of the wires on the 

surface were monitored by variety of techniques including infrared spectroscopy, 

ellipsometry, and x-ray photoelectron spectroscopy (XPS). Optical band gaps (Eg) of the 

wires were determined from UV-Vis spectroscopy measurements and surface coverages 

were obtained from cyclic voltammetry (CV) data.  

In this work, we studied the charge transport in a series of molecular wires for which 

the π-conjugation was intentionally interrupted by saturated cyclohexyl spacers at certain 
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locations within the molecular backbone. The current-voltage (I-V) characteristics of the 

corresponding molecular junctions were measured by CP-AFM and complementary 

density functional theory (DFT) calculations were performed on radical cation species to 

further understand the charge transport mechanism in these wires. The combination of 

experimental and computational data confirmed the polaronic nature of the charge carriers 

and suggested that the transport takes place via a thermally-assisted polaron tunneling 

mechanism. Using the CP-AFM technique, we also explored the electrical properties of 

three light-switchable π-conjugated molecular wires. These wires consisted of a 

photochromic dithienylethene linker (the “photoswitch”) embedded in a conjugated OPI 

backbone. We observed that all of the wires switch between high and low conductance 

modes (“ON” and “OFF” states corresponding to “Closed” and “Open” forms of the 

dithienylethene linker, respectively) when irradiated by UV and visible light, respectively. 

Finally, the kinetics of electron-transfer (ET) to ferrocene was investigated for a series of 

ferrocene-capped OPI molecular wire in two different electrolytes. It was found that the 

variations in standard rate constants (k0) of ET in these wires strongly depends on the 

choice of the electrolyte. Overall, these experiments offer promising opportunities for 

further understanding the details of microscopic charge transport in π-conjugated 

molecular wires. 
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1  Charge Transport in Molecular Wires 
 

The term “molecular wire” can be simply defined as a molecular structure capable 

of conducting charge between two reservoirs of electrons. Research on molecular wires is 

motivated by their promising and potential applications in future nanoelectronic devices 

since molecules are inherently small and there is a great flexibility for tuning their opto-

electronic properties owing to chemical synthesis. In addition, investigating the charge 

conduction in molecular wires can help elucidate the charge transport mechanisms 

involved in films of conjugated polymers which can ultimately lead to design of more 

efficient materials for applications in organic electronics.1–6 

Charge-transfer (CT) processes within molecules were first investigated for species 

dissolved in solution. In this context, intramolecular CT reactions in donor-bridge-acceptor 

(D-B-A) systems have been subject of extensive theoretical and experimental research 

since 1950’s.7–14 These studies have greatly improved our knowledge of CT processes at 

the molecular level and have built foundations to understand the charge conduction in more 

complex systems. It is well-known that the rate of CT in D-B-A systems depends on several 

factors such as the energy levels and the electronic coupling between the donor, the bridge, 

and the acceptor, the chemical composition and molecular structure of the bridge, and the 

donor-acceptor separation which is determined by the length of the molecular bridge. The 

effect of these parameters on the CT rate can be mathematically described by the well-

known Marcus equation.15  

From a device standpoint, however, it would be more satisfying to study the 

electrical conduction within molecules in a solid-state device architecture, that is, 
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molecules connected to two metallic leads. This structure corresponds to a metal-molecule-

metal junction or a “molecular junction”, Figure 1.1. A molecular junction can be 

comprised of a single molecule or and ensemble of molecules. Several techniques have 

been developed in the past two decades to form molecular junctions in a reliable and 

reproducible manner and are summarized in later chapters.16–23 These methods provide 

excellent platforms to systematically investigate the impacts of molecular architecture, 

molecular length, surface linkers, contacts, and temperature on molecular conduction. The 

combination of these systematic measurements with the great tunability of the molecular 

structure achieved by chemical synthesis can create exciting opportunities for elucidating 

the correlation between the molecular structure and opto-electronic properties of the 

molecules within a molecular junction. 

 

Figure 1.1 Schematic representation of a molecular junction. 

  

Although our current knowledge of charge conduction in molecular junctions 

heavily relies on the prior works on intramolecular CT reactions in D-B-A systems 

dissolved in solution, the presence of metallic contacts in molecular junctions can introduce 

dramatic electronic perturbations which make these solid state experiments fundamentally 
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different from those solution-based CT studies. Beside the electronic structure of the 

molecules themselves, charge-transport in a molecular junction is influenced by several 

other factors including the metal-molecule coupling, image forces and dipoles that can exist 

at metal-molecule interface, and the offset between the energy levels of the molecules and 

the Fermi level which can be tuned by the applied bias.24–28 Moreover, the charge carries 

(electrons or holes) in a molecular junction are injected from the contacts, whereas in D-

B-A systems dissolved in solution carriers are induced via an initial excitation. Overall, 

one should view solution CT and solid state conduction measurements as complementary 

approaches that can collectively generate a more complete picture of the charge transport 

phenomenon in molecular wires.   

1.1 Thesis Overview 
 

 The focus of this dissertation is on studying the charge transport in molecular wires 

with a variety of architectures and investigating the structure-property relationships in these 

systems. In particular, it involves manifestation of comprehensive surface and electrical 

characterization of self-assembled monolayers (SAMs) of π-conjugated molecular wires. 

In this thesis, conducting probe atomic force microscopy (CP-AFM) was extensively used 

as the primary tool for making electrical measurements on molecular wires and elucidating 

the charge transport mechanisms in these ultra- thin organic films.18,26,29–31 This technique 

provides a unique test bed that allows researchers to conveniently investigate the electrical 

properties of the molecules as a function of the systematic variations in the molecular 

structure and to establish structure-property relationships for charge transport in molecular 

wires-which is one of the ultimate goals in the field of molecular electronics-without the 

need of complex and time consuming device fabrication and clean room processes. 
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Nanoscopic molecular junctions were formed by bringing an Au-coated AFM probe into 

contact with monolayers on Au substrates and current-voltage (I-V) characteristics of the 

junction were measured. The contact areas are in the order of 50 nm2 at a compressive load 

of 1-2 nN and the junctions typically consist of ~50 molecules. We also used cyclic 

voltammetry (CV) as a complementary method to study the rate of electron-transfer (ET) 

in a series of molecular wires terminated with the redox active ferrocene unit. The 

molecular wires studied in this thesis were all derivatives of the previously reported 

oligophenyleneimine (OPI) wires31 and were made on Au surfaces using a stepwise growth 

method based on the imine condensation reaction. The formation of the wires on the surface 

were followed by variety of techniques including infrared spectroscopy, ellipsometry, and 

X-ray photoelectron spectroscopy (XPS). Optical band gaps (Eg) of the wires were 

determined from UV-Vis spectroscopy measurements and surface coverages were obtained 

from cyclic voltammetry (CV) data.  

In this dissertation, detailed experimental results of the author’s research as well as 

some basic concepts in the field of molecular electronics will be discussed. Chapter 2 gives 

an introduction to the field of molecular electronics and provides theoretical backgrounds 

required to understand the charge transport mechanisms in molecular junctions. Further, 

several techniques for the fabrication of molecular junctions are described. Chapter 3 

provides general information about self-assembled monolayers including molecular 

structure, preparation, and characterization. Moreover, stepwise growth of molecular 

wires, our method for preparation of conjugated systems is described. 

 Chapter 4 through chapter 6 presents my publications and details. Chapter 4 has 

been published as Davood Taherinia, Christopher E. Smith, Soumen Ghosh, Samuel O. 
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Odoh, Luke Balhorn, Laura Gagliardi, Christopher J. Cramer, C. Daniel Frisbie, “Charge 

Transport in 4 nm Molecular Wires with Interrupted Conjugation: Combined Experimental 

and Computational Evidence for Thermally Assisted Polaron Tunneling”, ACS Nano 2016, 

10, 4372. This chapter discusses the experimental and computational evidences for the 

thermally assisted polaron tunneling in molecular junctions based on conjugation-broken 

oligophenyleneimine (CB-OPI 6) molecular wires 4 nm in length. These wires were grown 

form gold surfaces using controlled imine condensation chemistry and incorporated 

saturated cyclohexane spacers (conjugation breakers) into a π-conjugated backbone. The 

wires were extensively characterized by reflection-absorption infrared spectroscopy 

(RAIRS), spectroscopic ellipsometry, cyclic voltammetry (CV), and UV-Vis spectroscopy. 

To measure the current-voltage (I-V) characteristics of the CB-OPI 6 molecular wires, in 

situ molecular junctions were fabricated by bringing an Au-coated atomic force microscope 

(AFM) probe into contact with the molecules. We showed that low bias resistance of the 

junction increases with the number of the saturated spacers, but is not sensitive to the 

position of the spacer within the wire backbone. Examining the temperature dependence 

of the junction resistance revealed that the transport in all of the four wires (OPI 6, CB3-

OPI 6, CB5-OPI 6, CB3,5-OPI 6) is thermally activated consistent with a localized charge 

(polaron) hopping mechanism. Activation energies were in the range of 0.18-0.26 eV with 

the highest belonging to the fully conjugated OPI 6 wire and the lowest to the CB3,5-OPI 

6 wire (with two saturated spacers). Density functional theory (DFT) calculations 

confirmed the polaronic nature of charge carriers but predicted that the semiclassical 

activation energy of hopping should be higher for CB-OPI molecular wires than for the 

OPI 6 wire. To reconcile the experimental and computational results, we proposed that the 
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transport mechanism is thermally-assisted polaron tunneling in the case of CB-OPI wires, 

which is consistent with their increased resistance. Our results suggest that it is possible to 

change the critical vibrational mode associated with transport by intentionally disrupting 

the conjugation, opening up further opportunities to explore polaron physics in these well-

defined molecular nanowires.    

Chapter 5 has been published as Davood Taherinia, C. Daniel Frisbie, 

“Photoswitchable Hopping Transport in Molecular Wires 4 nm in Length”, Journal of 

Physical Chemistry C 2016, 120, 6442. This chapter describes synthesis and electrical 

characterization of three light-switchable π-conjugated molecular wires. The wires 

consisted of a photochromic dithienylethene linker (the “photoswitch”) embedded in a 

conjugated OPI backbone. Stepwise imine condensation reaction was employed to grow 

these wires from gold surfaces. A variety of surface characterization techniques were 

employed to investigate the structure of the wires including FT-IR spectroscopy, 

ellipsometry, cyclic voltammetry (CV), X-ray photoelectron spectroscopy (XPS), and UV-

Vis spectroscopy. Conducting probe atomic force microscopy (CP-AFM) was employed 

to measure the current-voltage (I-V) characteristics of the wires. We observed that all of 

the wires switch between high and low conductance modes (“ON” and “OFF” states 

corresponding to “Closed” and “Open” forms of the dithienylethene linker, respectively) 

when irradiated by UV and visible light, respectively. Measuring the temperature 

dependence of the resistance revealed that the charge transport mechanism in the short wire 

is tunneling (temperature independent) whereas the tow longer wires demonstrated 

Arrhenius temperature dependence which is characteristic of a hopping mechanism. These 
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experiments demonstrate light-based control of transport in molecular wires in the hopping 

regime, which ultimately may be useful for switching applications in molecular electronics. 

 Chapter 6 deals with the preliminary results of our cyclic voltammetry (CV) 

measurements on ferrocene-terminated OPI and CB-OPI molecular wires in two different 

electrolytes, namely 1-ethyl-3-methylimidazolium-bis (trifluoromethyl-sulfnyl) imide 

(EMITFSI) ionic liquid and 0.1 M solution of tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) in acetonitrile. This work was done in collaboration with Chang-Hyun Kim and 

Elliot Schmidt. CV was employed to study the kinetics of electron-transfer (ET) to the 

ferrocene and the standard ET rate constants (k0) were calculated from the Butler-Volmer 

equation. Interestingly, it was observed that when 0.1 M Bu4NPF6 in acetonitrile was used 

as the electrolyte, all of the wires showed quite similar k0 values. However, in the case of 

the ionic liquid, we found that k0 dramatically varies for each wire and trends as: OPI 6_Fc 

> CB3-OPI 6_Fc > CB5-OPI 6_Fc > CB3,5-OPI 6_Fc. We also examined the temperature 

dependence of ET kinetics for ferrocene-capped OPI 2, OPI 4, OPI 8, CB3-OPI 6, CB5-

OPI 6, and CB3,5-OPI 6 wires in EMITFSI ionic liquid. It was found that the activation 

energies associated with the ET in these wires are very similar (~0.2 eV). Moreover, it was 

observed that log (k0) varies linearly with molecular length for the three OPI 2_Fc, OPI 

4_Fc, and OPI 8_Fc wires. We hypothesized that the ET to the ferrocene in OPI_Fc and 

CB-OPI _Fc wires takes place via a direct tunneling mechanism. Further experiments are 

required to clarify the role of electrolyte and chemical composition of the molecular bridge 

in the redox behavior of these ferrocene-terminated wires. The experiments like those 

described here offer promising opportunities for further understanding the details of 

microscopic electron-transfer in redox systems attached to metallic electrodes. 
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 Chapter 7 is intended to discuss the future experiments designed on the basis of 

those presented in chapters 4, 5, and 6 for further understanding the details of microscopic 

charge transport mechanisms in conjugated molecules. We will explore conjugation-

broken wires with new architectures to obtain a better understanding of (1) the polaron 

delocalization length, and (2) polaron transport mechanism in π-conjugated molecular 

wires. These studies can be viewed as the future direction for the work presented in chapter 

4 of this thesis. Furthermore, several strategies for doping the molecular wires, as well as 

for building planar wires to enhance the conjugation and facilitate the charge transport will 

be discussed. 
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2 Molecular Electronics 
 

  Shrinking the size of electronic components is a growing demand to design faster 

electronic devices. For instance, as a transistor gets smaller, its channel length (the distance 

between source and drain) becomes shorter leading to faster charge transport and device 

operation.32 However, there is a limit for this minimization in terms of both cost and 

technology. It seems that designing an electronic circuit on a nanometer scale requires a 

different approach from fabrication methods used in conventional semiconductor industry 

and here is where “molecular electronics” can play a key role.  

  In molecular electronics, the small circuit size is readily achieved because the 

electrical components (i.e., molecular building blocks) are on the nanometer scale. 

Molecular electronics also benefits from a broad flexibility in design. Chemical synthesis 

is a powerful tool that enables precise control of the molecular structure, which strongly 

correlates with the electronic properties of molecules. In other words, one can get the 

desired electronic and optical properties by tailoring molecular structure. Moreover, 

molecular systems are capable of exhibiting electronic and optical properties that are 

unique and cannot be achieved by conventional semiconductor technologies. For example, 

a unique quantum effect known as Kondo resonance has been observed in organic 

molecules containing paramagnetic metal atoms.33  

  As mentioned above, the ultimate goal of molecular electronics is to utilize 

molecular systems as the conducting elements in nano scale circuits. This novel idea was 

first emerged in 1974 after the pioneering paper of Aviram and Ratner34 in which they 

proposed a structure for a potential molecular rectifier. However, it was not until 1990’s 
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that Martin et al.35 and later Metzger et al.36 built the first functional molecular rectifiers 

based on the proposed design by Aviram and  

 

Figure 2.1 Molecules with different electronic applications: (A) Wires (B) Switches 

(C) Rectifiers (D) Storage (E) Mono-molecular electronics. The molecule shown at 

the top of the box is the first proposal of an intramolecular transistor and the one at 

the bottom is an example of intramolecular quantum well. [Adapted from reference37 

with permission; Copyright 2000 by the Nature Publishing Group] 
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Ratner. Since then, a tremendous amount of theoretical and experimental research has been 

done in this area and a variety of molecular systems have been used for applications such 

as wires,16,20,31,38 switches,39–42 rectifiers,35,36,43,44 transistors,45–48 logic gates,49,50 chemical 

sensing,51,52 and memory storage53–55 (Figure 2.1). The main focus of research in the field 

of molecular electronics is to: (1) understand the electronic properties of molecules in a 

junction and their correlation with molecular structure, and (2) overcome the technical and 

experimental challenges associated with employing the molecular systems to a solid state 

device. 

2.1 Molecular Junctions 
 

In order to incorporate molecules into solid state devices and investigate their 

electrical properties, the ability to contact them with electrodes is crucial.  Over the past 

two decades, several techniques have been developed to make robust and reproducible 

contacts with a single molecule or an ensemble of molecules.16,18–22,56 They will be 

discussed in more details later on. These methods have provided excellent test beds to 

investigate the electrical properties of molecular junctions and bridge the gap between the 

well-studied charge transfer process in solution and charge transport in molecular 

junctions. 

Electrical behavior of the molecular junctions does not solely depend on the 

molecules itself and is highly influenced by other parameters such as the geometrical 

details of electrode/molecule interface57–59 (i.e., the orientation of the molecules at 

contacts) and the alignment of molecular energy levels with the electrode Fermi levels 

(which is determined by the type of the electrode).26,30,60,61 
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2.2 Electrical Conduction in Molecular Junctions 
 

Intramolecular charge transfer has served as a model to understand the diverse 

mechanisms of charge transport involved in the molecular junctions.10,11,13,15,62–64 

However, charge transport in a solid-state molecular junction is different from charge 

transfer in solution in that charge transport takes place in the presence of an applied bias.  

In molecular junctions consist of saturated molecules (i.e., no π-conjugation) or 

short conjugated molecules, electrons can directly tunnel from one contact to the other.65,66 

The exponential decay of conductance with length and the weak temperature dependence 

are characteristics of the tunneling mechanism. For most of the junctions, the Fermi level 

of the electrodes lies somewhere in the middle of the HOMO-LUMO energy gap of the 

molecular bridge. In this situation, the closet frontier molecular orbital (FMO) to the Fermi 

level mediates the charge transport and the tunneling barrier is determined by the energy 

offset between the Fermi level and that FMO.26 This mechanism is often called ‘‘non-

resonant tunneling’’ because of the mismatch between the energy levels of the bridge and 

the Fermi level of the contacts. 

As the molecules in the junction grow longer, the probability of charge tunneling 

is significantly suppressed and another charge transport mechanism, namely hopping 

prevails.31,67–69 In this mechanism, charge is injected from one electrode into the molecular 

bridge, is driven by the applied electric field along the junction, and is extracted at the 

other electrode. The distinct characteristics of hopping that make it readily distinguishable 

from tunneling are: (1) strong dependence on temperature and electric field, and (2) linear 

correlation between the junction conductance and the molecular length. 
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2.2.1 Coherent Nonresonant Tunneling 
 

 As discussed above, due to the misalignment of the electrodes Fermi level and the 

energy levels of the molecules, non-resonant tunneling is often the dominant charge 

transport mechanism for molecular junctions consist of short saturated molecules. Figure 

2.2 depicts a schematic of the tunneling process. In this mechanism, the molecular bridge 

merely serves as a tunneling barrier to the incoming electrons that are traversing along the 

junction from one electrode to the other. The electrons propagate through the barrier and 

get to other side with an attenuated probability density and no change in their phase 

(coherent transport).  

  

 

Figure 2.2 An electron wave transmitting through a potential barrier. The probability 

density is lower in the right side of the barrier due to the attenuation of the wave though 

the barrier. 

 

To model the charge transport through a molecular junction, a reasonable 

assumption would be that the transport is dominated by a single molecular orbital (MO), 

the HOMO or the LUMO depending on which orbital lies closer to the Fermi level, as 
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discussed above.28 When a potential V is applied across the junction, it affects the energy 

offset ε0 (between the metal Fermi level and the nearest MO). A convenient way to 

describe the voltage-dependence of ε0 is by means of a voltage division factor γ through 

the following equation:28 

 

                                            𝜀0(𝑉) =  𝜀0 + 𝛾𝑒𝑉                                                                (2.1) 

in which γ ranges from -1/2 to +1/2. This equation describes a situation in which the 

potential drop occurs entirely at the contacts and the potential profile is flat across the 

molecule. The interfacial ΔVL and ΔVR potential drops corresponding to the left and 

right contacts are (Assuming that VR-VL > 0 

Δ𝑉𝐿 =
𝑉

2
−
[𝜀0(𝑉) − 𝜀0]

𝑒
= (

1

2
− 𝛾)𝑉;  

                                            Δ𝑉𝐿 =
[𝜀0(𝑉) − 𝜀0]

𝑒
+
𝑉

2
= (

1

2
+ 𝛾)𝑉                                      (2.2) 

A larger (smaller) potential drop at the positive electrode, or, alternatively, a MO energy 

shifted upward (downward) by a positive potential is represented by a positive 

(negative) γ-value. 

 The current through a single level (Newns-Anderson model) can be expressed 

analytically as:28 

                                      𝐼 = 𝑁
2𝑒

ℎ

Γ𝑔
2

Γ𝑎
(𝑎𝑟𝑐𝑡𝑎𝑛

Λ+

Γ𝑎
− 𝑎𝑟𝑐𝑡𝑎𝑛

Λ−

Γ𝑎
)                                        (2.3) 

where N is the number of molecules contributing to the current, Λ± ≡ 𝜀0(𝑉) ± 𝑒𝑉/2, 

Γ𝑔 ≡ √Γ𝐿Γ𝑅, Γ𝑎 ≡ (Γ𝐿 + Γ𝑅)/2, Γ𝐿,𝑅 being the energy level broadenings due to the 

electrode-molecule couplings. In usual cases, where the electrode couplings are 
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sufficiently smaller than the energy offset ε0, and for applied potentials V not too high 

(say, eV ≤ 1.5ε0), one can approximate: 

                                       𝐼 ≅ 𝑁
2𝑒

ℎ
Γ𝑔
2

𝑒𝑉

(𝜀0 + 𝛾𝑒𝑉)2 − (𝑒𝑉/2)2
                                             (2.4) 

For symmetric junctions (for which 𝐼(𝑉) = −𝐼(−𝑉)), γ is zero and Equation 2.4 is 

further reduced to: 

 

                                       𝐼 = 𝐺𝑉
𝜀0
2

𝜀02 − (𝑒𝑉/2)2
; 𝐺 = 𝑁𝐺0

Γ𝐿Γ𝑅

𝜀0
2                                          (2.5) 

where 𝐺 is the zero-bias conductance of a single molecule and 𝐺0 = 2
𝑒2

ℎ
= 77.48 μS 

being the conductance quantum.   

              Recently, Baldea et al.70 used the “universality idea” to deduce a “law of 

corresponding sates (LCS)” for charge transport via tunneling in molecular junctions. In 

order to express the current-voltage (I-V) behavior of the junction in terms of 

dimensionless, reduced quantities IR ≡ I/Ic and VR ≡ V/Vc “critical” values for current Ic 

and voltage Vc are required. To find appropriate “critical” values to satisfy the universality 

requirements, Baldea et al.70 suggested to plot the I-V data as │V2/I│vs. V (Figure 2.3) 

and use the maxima to define the desired “critical” voltage (Vc) and current (Ic). The VC 

defined in this way is an alternative description for the so-called transition voltage (Vt) 

introduced to characterize the cross-over between a linear (ohmic) transport regime 
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Figure 2.3 (A) A typical current-voltage (I-V) curve of Ag/OPD4/Ag molecular junction 

measured by conducting probe atomic force microscopy (CP-AFM). OPD4 represents 

oligophenylene dithiol with four phenyl rings. (B) The same data replotted as │V2/I│vs. V. 

The maximum can be used to define critical voltage (Vc) and current (Ic). [Adapted from 

reference70 with permission; Copyright 2015 by the Royal Society of Chemistry] 

 

 at low biases (V < Vc) and a non-linear transport regime at high biases (V > Vc). By using 

the Equation 2.5, the values of Vc and Ic at the maximum of the parameter │V2/I│can be 

easily obtained as: 

                                      𝑒𝑉𝑐 = 2|𝜀0|/√3; 𝐼𝑐 ≡ 𝐼(𝑉 = 𝑉𝑐) = 𝐺|𝜀0|√3𝑒                         (2.6) 

Significantly, this equation relates the physical properties of the junction to the “critical” 

values. Using the reduced quantities as defined above and Equation 2.6, one can recast 

Equation 2.5 in the form of: 

                                                                        𝐼𝑅 =
2𝑉𝑅

3 − 𝑉𝑅
2                                                         (2.7) 

which is the “law of corresponding states” for the charge transport in molecular junction 

via a tunneling mechanism. It has been shown that broad classes of experimental data can 

be well fitted by Equation 2.7.70   

 

A B
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2.2.2 Hopping 
 

  As discussed above, when the molecules in the junction become longer, the 

probability of tunneling falls off very rapidly due to its exponential dependence on 

junction length. Beyond a certain length, tunneling can no longer contribute to the 

transport and another mechanism, namely  

 

 

Figure 2.4 Illustration of energy diagrams for incoherent multi step hopping through a 

molecular wire. Each arrow represents a single charge hopping event between the 

neighboring sites. [Adapted from reference69 with permission; Copyright 2011 by the 

American Chemical Society] 

 

 “hopping” prevails. Figure 2.4 shows a schematic of charge hopping through a metal-

molecule-metal junction. In this mechanism direct injection of charge takes place from 

the contact to the FMOs of the molecules. This leads to the formation of a polaron which 

is then driven along the molecular bridge by the electric field and reaches the other contact 

after one or more hopes. As a result, charge has a finite residence time on the molecules 

unlike the tunneling mechanism.  
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Compared to tunneling, hopping mechanism has several distinct characteristics.69 

First of all, conductance (or resistance) of the junction exhibits a linear dependence on 

length which is much weaker than that of the tunneling (exponential dependence). This 

makes hopping more efficient for transporting charge over longer distances. Second, since 

charge transport is coupled to the vibronic modes of the molecules, hopping is thermally 

activated and it shows a characteristic Arrhenius-type temperature dependence. Third, as 

discussed above, charge transport is a field-assisted process. The resistance of the junction 

(R) in the hopping regime can be described in terms of junction length (L) and temperature 

(T) as following: 

  

                𝑅 = 𝑅0 + 𝛼(𝐿 − 𝐿0) = 𝑅0 + α∞exp (
𝐸a

𝑘𝐵𝑇
) (𝐿 − 𝐿0)                    (2.5)   

where R0 is the contact resistance, α = α∞exp (
𝐸a

𝑘𝑇
) is a molecule specific parameter with 

units of resistance per unit length, L is the molecular length, L0 is the length at which 

transport mechanism switches from tunneling to hopping, kB is the Boltzmann constant, 

and Ea is the activation energy of hopping.  

Table 2.1 summarizes the mechanisms of charge transport commonly observed in 

molecular junctions. Note that the characteristic behavior corresponds to the low bias 

regime. 
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Table 2.1 Charge transport mechanism in molecular junctions. [Reproduced with 

permission from reference65; Copyright 2003 by the American Physical Society] 
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2.3 Strategies for Fabricating a Molecular Junction 
 

As mentioned earlier, several methods have been developed during the past twenty 

years to fabricate molecular junctions in a reliable and reproducible manner. Generally, 

molecular junctions fall into two categories: single-molecule and molecular ensemble 

junctions. Single-molecule fabrication methods mainly include STM20 and “break 

junctions”.16,21 Molecular ensemble junctions can be fabricated by variety of techniques 

such as hanging mercury drop,19 Gallium-Indium Eutectic (EGaIn) junction,22 crossed-

wire junction,71 conductive probe atomic force microscopy (CP-AFM),18 conductive 

polymer top contact,21 nanopore junction17 and etc.  

There are cons and pros for investigating each category of molecular junctions. 

Putting a single molecule between two contacts is very intriguing since it provides the 

unique opportunity to study the charge transport along a single molecular chain. This 

eliminates any intermolecular interactions which can drastically impact the electrical 

properties of the junction. However, fabricating these junctions is experimentally more 
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challenging and a large number of measurements is required to compensate for the low 

yield of single-molecule junctions. This method also poses challenges on measuring the 

long molecules because of their higher resistances and lower signal-to-noise ratio. 

Moreover, the properties of the junction are strongly dependent on the conformation and 

contact geometry which makes data interpretation difficult. 

On the other hand, molecular ensemble junctions typically consist of ~102 to ~1013 

molecules. Compared to their single-molecule counter parts, these junctions benefit from 

an enhanced signal-to noise ratio due to their larger number of molecules. This also 

removes the discussed limitations for measuring long molecules. Moreover, the impact of 

contact geometry and other parameters that can cause variation in the properties of the 

junction are minimized due to the averaging effect of the molecular ensemble. The other 

advantage of working with molecular ensembles is that they are more compatible with 

surface characterization methods (such as FT-IR, ellipsometry, UV-vis, XPS, etc.) prior 

to junction formation. On the other hand, the major drawback is that intermolecular 

interactions are now important for molecular ensemble junctions and this must be taken 

into account when analyzing the data. Next, some common techniques for fabrication of 

molecular junctions will be discussed in more details. 

2.3.1 Scanning Tunneling Microscopy Measurement (STM)  
 

STM relies on the tunneling current that flows between an atomically sharp 

metallic tip and the surface of interest (which has to be conductive as well) under a bias 

to analyze the electronic structure of the surface with high lateral and spatial 

resolution.20,72 The instrument can be operated in two modes: 1-constant height; in which 

the tip-substrate separation is maintained at a fixed value (defined by the user) and the 
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tunneling current is monitored over the scanned area to determine the local electronic 

structure. 2- constant current; in which the current is maintained at a set point value 

(determined by the user) via a feedback system that controls the tip-substrate separation. 

This mode is mainly used to study the surface topography. 

The very sharp metallic tip enables STM technique to investigate the electrical 

properties of a single molecule on the surface. The molecules of interest are usually 

embedded into a matrix of molecules with a much lower conductivity (by coadsorption). 

This leads to a large contrast between the observed current through the conductive 

molecules and the surrounding matrix. One of the first studies was performed by Bumm 

et al.72 They investigated the conductivity of individual 4,4’-di(phenylene-

ethynylene)benzenethiolate molecules embedded in insulating n-dodecanethiol 

monolayer.   

STM can also be employed to study the I-V characteristics of molecules on the 

surface.73 To do this, the tip is lowered on a monolayer-coated substrate until a set 

tunneling current is reached. At this point, the feedback system (that maintains the set 

current) is disabled allowing to measure the tunneling current (that flows from the tip to 

the substrate through the vacuum gap and the molecules) at different tip-substrate biases. 

This yields the I-V plot of the molecular junction. However, there are some problems 

associated with this method. First of all, as mentioned above, there is no feedback control 

over the tip during the I-V measurements and hence the tip might drift both vertically and 

laterally. Moreover, due the vacuum gap between the tip and the molecules, the exact 

position of the tip relative to the molecules is unknown. These factors cause uncertainty 

in the data obtained by this technique. 
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2.3.2 Break Junction Measurement  
 

In a break junction, the separation between two electrodes can be controlled with 

a great precision (sub-nanometer) which makes it a very suitable method to capture a 

single molecule.16,74,75 Mechanically controllable break junctions (MCBJs) which have 

been pioneered by Reed et al.16 consist of a thin notched metal wire (typically gold) 

attached to a flexible substrate from the bottom (Figure 2.5). A piezoelectric element is 

used to push up the substrate  

 

 

Figure 2.5 (A) Schematic representation of a mechanically-controllable break junction 

(MCBJ). (B) Current-voltage (nine subsequent sweeps) and numerically differentiated 

dI/dU vs. voltage U data measured with a MCBJ. [Adapted from reference76 with 

permission; Copyright 2007 by the Annual Reviews]  

 

against the two counter supports, causing it to bend. This elongates the wire which is fixed 

on the top of the substrate and eventually breaks it, leaving two fresh nanoscopic 

electrodes. The inter-electrode distance is related to the displacement of the piezo element 

via a reduction factor r (10-6 < r < 10-1). The lower the r is, the greater the control would 
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be over the distance between the contacts and the more mechanically stable the junction 

would be. By breaking the wire in a solution containing the molecules of interest, the gap 

can be bridged by the molecules to form an actual molecular junction. Then, the I-V 

measurements can be performed to elucidate the electrical properties of the junction. 

The STM-break junction method developed by Tao et al.20 is an alternative way 

to make a break junction in which an STM tip is repeatedly brought into and out of contact 

with the substrate while immersed in a solution of sample molecules. This method allows 

to perform a large number of measurements which leads to statistically more valid results. 

On the other hand, the downside is that the junction stability is lower because of both 

lateral and vertical drifts of the tip, as discussed above. 

2.3.3 Hanging Mercury-Drop Junctions 
 

Mercury-drop junction method has been widely used to make a variety of different 

molecular junctions. Junctions can be fabricated in two ways: In the first method, two 

hanging mercury drops coated with organic SAMs are brought together by a moving stage 

(Figure 2.6A). The second method involves a hanging mercury drop covered with a 

monolayer and a SAM coated metal (Au, Ag, Cu) as the substrate (Figure 2.6B). These 

methods are mainly developed by Whitesides19,77 and Majda78–80 groups. There are several 

advantages associated with the mercury drop technique including: (1) Mechanically stable 

mercury drops of different sizes can be formed reproducibly and with relative ease. (2) 

The potential of electrical short and mechanical damage to the SAM is minimized because 

the liquid mercury surface is compliant and conforms to the topographical features of the 

solid surface with which it is brought into contact. (3) The variations in the current due to 
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grain boundaries of the metal substrate and the SAM, and the defects in the SAM structure 

are averaged out and minimized due to the relatively large sampling area (~1 mm2). 

 

 

Figure 2.6 Schematic illustration of hanging mercury-drop junctions: (A) the mercury-

mercury junction, (B) the mercury-silver junction. [Adapted from reference19 with 

permission; Copyright 2001 by the American Chemical Society] 

 

The major disadvantages of the mercury-drop junctions are as following: (1) Due 

to the stability issues, the measurements can only be done in a limited range of 

temperatures. (2) The resolution is much lower than STM and CP-AFM techniques that 

are very sensitive to the local structure of the surface.  
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2.3.4 Crossed-Wire Junctions 
 

Crossed wire junction has been used by Kushmerick et al.71 to study the charge transport 

across the organic monolayers. A schematic representation of a crossed-wire junction is 

given in Figure 2.7. The setup consists of two Au wires with a diameter of 10 µm, one of  

 

 

Figure 2.7 Schematic of crossed-wire molecular junction. [Adapted from reference71 with 

permission; Copyright 2002 by the American Chemical Society] 

 

which contains the SAM of interest. The two wires are mounted to a custom built test stage 

such that they are in a crossed geometry with one wire perpendicular to the applied 

magnetic field (B). By deflecting this wire with the Lorentz force generated from a small 

dc current (<5 mA), the junction separation can be controlled. To bring the wires together 

and form the molecular junction, the deflection current is slowly increased. 
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2.3.5 Eutectic Gallium-Indium (EGaIn) Junctions 
 

Whitesides22,81 group has pioneered in using Eutectic Gallium-Indium (EGaIn) 

junctions for electrical characterization of SAMs. Despite being a liquid at room 

temperature, it behaves differently from other liquids such as water or mercury in that it 

does not spontaneously reflow to the shape with the minimum surface energy. This allows 

the formation of nonspherical shapes such as cones with micrometer-scale dimensions. 

Moreover, EGaIn can from nondestructive, conformal contacts, has a low vapor pressure, 

and is nontoxic. All of these properties make EGaIn an excellent candidate for fabricating 

molecular junctions. 

Two different methods have been developed to contact SAMs from the top using 

EGaIn. The first one, introduced by Chiechi et al.,22 includes making conical electrodes. 

In this method, an EGaIn droplet suspended from the needle of a syringe is brought into 

contact with a surface of a sacrificial film of Ag, using a micromanipulator (Figure 2.8A). 

After the contact is made, the needle is then slowly retracted and at some point the droplet 

splits into two structures; one attached to the needle (a conical tip), and one attached to 

the Ag surface which is discarded. The EGaIn tip can be used to contact the SAM. 

The other method developed by Nijhus et al.81 is depicted in Figure 2.8B. It 

includes fabricating microchannels in PDMS, filling them with EGaIn, and position them 

on the top of SAM-coated Ag electrodes in a crossed geometry. The advantages of this 

method over the previous one are as following: (1) It is compatible with variable  
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Figure 2.8 (A) Formation of a conical EGaIn tip captured by a series of photographs. From 

left to right: A drop of EGaIn suspended from a needle is brought into contact with an Ag 

surface using a micromanipulator. The syringe is then raised until the EGaIn separates into 

a conical tip and a drop on the Ag surface. (B) A photograph displaying an EGaIn-filled 

microchannel in PDMS in contact with SAM-coated Ag electrodes. [Adapted from 

references22,81 with permission; Copyright 2008 by John Wiley & Sons, Inc and 2010 by 

the American Chemical Society] 

 

temperature measurements. (2) The junction area can be controlled with a much higher 

precision compared to a cone-shaped tip which leads to smaller variations in the collected 

I-V data. Moreover, this method allows to make a real device that can potentially be 

practically useful. However, the major downside is the requirement of clean room 

procedures whereas the other method can be implemented in a regular laboratory. 
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2.3.6 Nano-Transfer Printing  
 

In this approach, pre-made features are transferred onto the substrate by means of 

a soft mechanical contact. First, the features are lithographically defined on an elastomeric 

substrate such  

 

Figure 2.9 Schematic representation of nano-transfer printing procedure. (A) SAM of 

alkanedithiol is deposited on the GaAs surface. (B) Au-coated PDMS stamp with 

appropriate features is brought into contact with the monolayer-coated substrate. (C) The 

stamp is removed from the substrate and gold on the raised part of the stamp is bounded 

and transferred to the dithiol-coated GaAs substrate. [Adapted from reference82 with 

permission; Copyright 2003 by the American Chemical Society] 

 

as polydimethylsiloxane (PDMS). Then, a thin film of metal is deposited on PDMS (by E-

beam or thermal evaporation). Finally, the metal-coated PDMS stamp is brought into 

contact with a monolayer-coated surface without any additional mechanical pressure 
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applied. Upon removing the stamp, the printing is completed and the metal patterns are 

transferred onto the monolayer wherever the contact was made. 

A major problem associated with this technique is that the only driving force to 

transfer the metal patterns is the mechanical contact which may not be sufficient. One way 

to improve the transfer process is to enhance the adhesion between the metal patterns and 

the monolayer. This can be achieved by terminating the monolayer with functional groups 

with strong binding affinity to metals (e.g., –SH and –N=C). Loo et al.83 used nano-transfer 

printing to transfer Au patterns onto a thiol-terminated SAM on Si. To prepare the 

monolayer, first they treated a Si wafer with a mixture of distilled water, H2O2, and HCl to 

generate surface hydroxyl (–OH) groups on the native SiO2 layer. Then, the modified 

surface was reacted with a ~5 mM solution of 3-mercaptopropyltrimethoxysilane 

(MPTMS) in benzene or toluene, leading to co-condensation of the methoxy groups of the 

MPTMS with the hydroxyl groups on the surface to form Si–O–Si bonds. In another study, 

Loo et al.82 fabricated Au top-contact electrodes by nano-transfer printing method onto the 

SAM of 1,8-octanedithiol on GaAs to form Au/1,8-octanedithiol/GaAs junctions, as 

illustrated in Figure 2.9. To form the monolayer, the GaAs surface was first stripped of its 

native oxide (by concentrated solution of NH4OH or HCl) and then immediately exposed 

to saturated 1,8-octanedithiol vapor for 15 min. Au patterns were transferred by an Au-

coated PDMS stamp. Current-voltage and photoresponse measurements were performed 

to characterize the electrical transport in these junctions. Their results showed that nano-

transfer printing can be used to fabricate high performance devices based on metal-

molecule-metal junctions.  
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2.3.7 Conducting Probe Atomic Force Microscopy (CP-AFM) 
 

Over the past two decades, our group18,29–31,84 as well as others85–88 have 

demonstrated the astonishing capabilities of conducting probe atomic force microscopy 

as a powerful technique to characterize self-assembled monolayers. In CP-AFM, a metal-

coated AFM probe is brought into contact with a self-assembled monolayer on the surface 

(Figure 2.10 A). Conductive tips can be prepared by thermal evaporation of 5 nm of Cr or 

Ti (as the adhesion layer) followed by 50-100 nm of metal (Au, Ag or Pt). The load on 

the molecules is typically several nN and is controlled by an optical feedback circuit which 

is driven by a laser beam reflected off the back surface of the tip. The contact area for a 

tip with a 50 nm radius of curvature is ~50-60 nm2. To perform I-V measurement, the tip 

is held at a stationary position while in contact with the SAM. A bias is then applied 

between the tip and substrate and the current flowing through the junction is measured. 

CP-AFM can be viewed as a nanoscopic probe station for making in situ electrical 

measurements. It has several major advantages over the other techniques for fabricating 

and characterizing the molecular junctions. First, CP-AFM is inherently a soft contact, 

non-destructive method for making contacts to molecules. Owing to the feedback circuit 

that drives the tip, the load on the cantilever can be precisely monitored and adjusted so 

that mechanical damages (e.g., yield or plastic deformation) of the monolayer film is 

avoided. Whereas methods such as direct evaporation of metals can permanently damage 

the SAM. Second, as mentioned earlier, CP-AFM is an in situ method to form metal-

molecule-metal junction. It requires no cleanroom fabrication processes which 

significantly cuts the amount of time needed to complete the measurements, typically 
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down to a few hours. Third, due to the very small dimensions of the probe (Figure 2.10 

B) and hence the resulting molecular junction, the probability of electrical  

 

Figure 2.10 (A) Schematic representation of conductive probe atomic force microscopy 

(CP-AFM). An Au-coated AFM probe is brought into contact with a SAM on an Au 

substrate. (B) SEM micrograph of an Au-coated AFM probe. The diameter of curvature is 

96.9 nm. [Adapted from references89,90 with permission; Copyright 2010 by the American 

Chemical Society] 

 

shorts is minimized. This often a difficult problem to address for methods dealing with 

large junction areas. Fourth, the substrate and tip can be coated with a broad choice of 

metals which adds a lot of experimental flexibility to this technique. This allows to explore 

the role of contacts work function on the electrical behavior of the junction. Last but not 

least, this technique is compatible with variable temperature measurements, which is key 

to assess the charge transport mechanism. Overall, these features make CP-AFM a 

versatile tool for molecular electronic experiments. 

It is also important to compare CP-AFM with similar scanning probe techniques 

such as STM. In STM, as discussed earlier, there is always a vacuum gap between the tip 

A B
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and the molecules which affects the measured conductivity so that it does not reflects the 

inherent conductivity of the molecules. Moreover, the exact position of the tip with respect 

to the molecules is unknown. Conversely, in CP-AFM by virtue of an independent 

feedback circuit, the position of the tip can be reliably adjusted with a precisely controlled 

load. This makes CP-AFM more convenient technique to examine the I-V characteristics 

of the monolayers. 
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3 Growing Molecular Wires on the Surface and 

Molecular Self-Assembly 

 

In the field of molecular electronics, fabricating reliable molecular junctions and 

performing reproducible measurements are of central interest and importance which are 

often challenging. In order to fulfil these goals, the first step is to make a robust 

metal/molecule interface. It is very well-known that organic molecules with certain 

functionalities (e.g. thiols, isocyanides, and etc.) can form self-assembled monolayers 

(SAM) with well-defined structures on surface of metals and semiconductors.91 These 

structures can provide a unique test-bed to study the charge transport phenomenon at 

nanoscale. Perhaps one the most studied class of molecules for self-assembly is 

organothiols. They can form very high quality SAMs on variety of metal surfaces such as 

Au, Ag, Pt, Pd, Cu, and etc and a tremendous amount of research has been done on 

characterization and understanding the structure of these SAMs. Since the main focus of 

this thesis is on the SAMs of organothiols on Au, this chapter will discuss the various 

aspects of these SAMs including the methods to form the SAMs and grow long molecular 

wires on the surface, kinetics of SAM formation, and structure of the SAMs as well as 

different techniques to characterize them on the surface. 

  A self-assembled monolayer is comprised of well-ordered molecules on the 

surface. These molecules usually consist of three main parts92 (Figure 3.1): (1) Ligand or 

head group (e.g.,  –SH or –N=C:) which has a high binding affinity towards certain metals 

and through which the molecules are anchored to the surface. (2) Spacer that forms the 

main body of the SAM. The intermolecular van der Waals interactions between the 

neighboring chain that determines the structure and packing of the SAM are mainly 
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dependent on the nature of spacer. Moreover, electrical and optical properties of the SAM 

are primarily determined by the spacer. In the context of molecular electronics, the spacer 

mediates the charge transport process. (3) Terminal group that can alter the surface 

properties of the SAM. 

 

 

Figure 3.1 Schematic representation of an alkanethiol self-assembled monolayer (SAM) 

formed on a metal surface with (111) texture. The different components of the SAM are 

highlighted. [Adapted from reference92 with permission; Copyright 2005 by the American 

Chemical Society] 

 

3.1 Self-Assembled Monolayers of Organothiols 
 

  SAMs of organothiols were first introduced by the pioneering work of Allara and 

Nuzzo in 1983.93 They observed that SAMs were formed on Au surfaces from the solution 

of organic disulfides. Since then, organothiol SAMs have been extensively investigated to 

understand the physics of self-organization, various properties of the SAMs (e.g., 

mechanical and structural properties, electrical properties, optical properties, and etc.) and 

how they are related to the properties of individual molecules, and many other fundamental 

questions.91,92,94–96 Moreover, SAMs of organothiols have been widely used as versatile 
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tools for modifying the surface properties such as wettability,97,98 adhesion,99 resistance to 

corrosion,100 bio compatibility,101 binding affinity toward different molecules,102,103 and 

etc.     

3.1.1 Preparation of Monolayers on Gold Surface 
 

  The general procedure for making SAMs of thiols on the surface (gold in our case) 

includes immersing a clean freshly prepared gold substrate into a dilute solution of the 

desired organothiol95 (~0.1-1 mM in ethanol, toluene, dichloromethane, or other solvents) 

as pictured in Figure 3.2A. A well-ordered SAM forms typically after 24 h (the kinetics of 

SAM formation will be discussed later in more details). The substrate is then removed from 

the solution and rinsed thoroughly with copious amounts of solvent to remove any 

physisorbed molecules from the surface. 

 

Figure 3.2 (A) General procedure for preparation of organothiol SAMs. The Au substrate 

is immersed into the solution of the desired thiol and soaked for ~24 h. This allows the 

formation of a densely packed monolayer on the surface. (B) Schematic description of 

template stripping method for preparation of atomically flat gold.  
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  In our group, polycrystalline gold substrates are prepared by depositing 5 nm of Cr 

(as the adhesion layer) followed by 50-100 nm of Au onto Si (100) wafers in a home-built 

thermal evaporator at a rate of 1.0 Å/s and a base pressure of < 6 × 10-7 Torr. We also 

prepare atomically smooth Au substrates for CP-AFM measurements using the template-

stripping method104,105 as following: silicon chips (~1 cm × 1 cm) are glued to a 500 nm 

thick Au film on a Si wafer (with no adhesion layer) using an epoxy (EPO-TEK 377). After 

curing the wafer in an oven at 120 °C for about 1.5 h, the chips are peeled off from the 

parent wafer along with the by a razor blade from the parent Si wafer to obtain a flat Au 

surface. This process is illustrated in Figure 3.2B. 

3.1.2 Kinetics of Monolayer Formation 
 

  There are many factors which can affect the rate of formation of a self-assembled 

monolayer such as temperature, solvent, head group, concentration and structure of the 

adsorbate, and cleanliness of the substrate. Bain et al.106 employed ellipsometry and contact 

angle measurement to investigate how the adsorption kinetics is influenced by the 

aforementioned factors. They realized that at moderate concentrations (ca. 1 mM) of the 

adsorbate, the monolayer formation process consists of two distinct steps with very 

different time scales. The first step involves the rapid adsorption of molecules onto the 

surface. It was observed that film thicknesses rose to 80-90 % of their maximum and 

contact angles reached their final values within few minutes. Following this initial, rapid 

adsorption, molecules begin to slowly reorganize on the surface to minimize the defects 

and form a well-ordered, densely packed monolayer on the surface via maximizing the 

favorable van der Waals interactions. This steps lasts for several hours and thickness slowly 

approaches its final value. 
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  One can think of the whole process as a rapid formation of an initial, imperfect 

monolayer which slowly evolves into well-ordered structure possibly through replacement 

of contaminants and solvent molecules and lateral diffusion on the surface to minimize the 

defects. 

  There have been lots of studies to understand the growth of self-assembled 

monolayers. Overall, these works suggest that there are mainly two steps involved in the 

growth process, consistent with the original findings of Bain et al. Shimazu et al.107 

investigated the adsorption kinetics of ferrocene-substituted thiols in hexane solution (with 

a concentration of 0.5 mM) using in situ quartz crystal microbalance (QCM) experiments. 

They observed a very fast, initial adsorption step (a few seconds) followed by a process 

which was ~2 orders of magnitude slower. Schneider & Buttry also studied the adsorption 

and desorption of alkanethiols on gold with in situ QCM technique.108 They observed a 

significant solvent effect. When dimethylformamide (DMF) was used as the solvent, the 

adsorption was rapid; however, monolayer formation never proceeded to completion. On 

the other hand, in acetonitrile (ACN) solution, the adsorption step was slower, but a densely 

packed monolayer was eventually formed. Yamada & Uosaki’s in situ STM experiments 

provided a deeper insight into the process of monolayer formation.109,110 They studied the 

growth of alkanethiol SAMs on Au (111) from micromolar heptane solutions. Their results 

showed that the growth process consists of 3 distinct steps. First, they observed that patches 

of adsorbed molecules on the surface with no periodicity at the molecular-length scales, 

implying a disordered phase. Pits or vacancy islands were formed in gold at this stage of 

the growth. In the next step, patches with “stripped” patterned were appeared with several 

periodic length scales which were all greater than the molecular length. These observations 
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suggested that the stripes are made of thiol molecules lying down on the surface. The third 

and the final step of the growth involves the formation of islands with greater film thickness 

which ultimately covered the whole surface. This increase in the film thickness corresponds 

to the rearrangement of the molecules on the surface from lying-down to standing-up 

configuration. 

3.1.3 Structure of Organothiol Monolayer Films 
 

  Structure of n-alkanethiol self-assembled monolayers have been extensively 

investigated by variety of techniques such as electron diffraction,111 AFM,112 and helium 

diffraction.113 These studies show that alkanethiol SAMs on Au (111) consist of a densely 

packed hexagonal lattice (corresponding to the underlying gold layer) with a √3×√3 R 30° 

symmetry (Figure 3.3A) and an S…S spacing of 4.97 Å. In-depth analysis with ultrahigh 

vacuum STM114–116 revealed more details about the structure of alkanethiol SAMs. For 

short-chain butanethiol and hexanethiol films, formation of ordered domains with a unit 

cell of 𝑝 × √3 (8 ≤ 𝑝 ≤ 10) was observed during the growth of the monolayer. On the 

other hand, longer octanethiol and decanethiol form densely packed SAMs with a c (4×2) 

superlattice (Figure 3.3B) of a √3×√3 R 30°. 

  FT-IR studies have shown that alkanethiol molecules adopt an all-trans 

configuration within the lattice, with a tilt angle of ~30° with respect to the surface 

normal.95,96 This configuration allows the molecules to maximize the favorable 

intermolecular van der Waals interactions. Compared to alkanethiol, aromatic thiols have 

larger molecular cross section so that the steric hindrance prevents the sulfur binding sites  
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to be fully occupied. Sabatani et al.117 studied the structure of benzenethiol, 4- 

biphenylthiol,  

 

 

Figure 3.3 Schematic drawings of alkanethiol hexagonal lattices on Au (111). (A) 

√3×√3 R 30° lattice. (B) c (4×2) super lattice. Red and green circles correspond to 

alkanethiols at different heights.  

 

and 4-terphenylthiol SAMs on gold. They found that benzenethiol forms a poorly defined 

monolayer with a tilt angle of 80°, indicating that in the absence of other functional groups, 

phenyl ring tends to lay almost flat on the surface. However, longer 4-biphenylthiol and 4-

terphenylthiol make well-ordered films. In their STM measurements, Ishida et al.118 

observed that p-terphenylmethanethiol forms monolayers with a √3×√3 R 30° structure 

on Au (111) surface. This structure was also seen for SAMs of 4-methyl-4’-

mercaptobiphenyl from the He-atom scattering and grazing-incidence x-ray diffraction 

measurements performed by Leung et al.119  
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3.2 Stepwise Growth of Molecular Wires 
 

  A versatile technique to fabricate π-conjugated molecular wires on the surface has 

been developed in our group based on a procedure originally reported by Rosink et al.120 

This method, namely the “stepwise imination” is outlined in Figure 3.4A for OPI p 

molecular wires.31 The first step begins with the chemisorption of 4-aminothiophenol onto  

 

Figure 3.4 (A) Stepwise growth of OPI p molecular wires on gold. (B) RAIRS spectra of 

the OPI p wires. Dashed lines indicate positions of imine stretches (C=N, 1620 cm-1), 

carbonyl stretches (C=O, 1710 cm-1), and symmetric amine stretches (NH2, 3350 cm-1). 

 

the gold surface and forming an –NH2 terminated SAM. Next, the monolayer is treated 

with a solution of terphthaldehyde (1,4-benzenedicarboxaldehyde) allowing the formation 

of the second layer via the imine condensation reaction between one aldehyde group and 
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the amine group on the surface (which leads to the formation of C=N bonds on the surface). 

The third layer is made by adding a solution of p-phenylenediamine (1,4-benzenediamine) 

to the –CHO terminated monolayer. As a result, a π-conjugated molecular backbone can 

be fabricated on the surface by alternative addition of terphthaldehyde and p-

phenylenediamine solutions to the SAM of 4-aminothiophenol.   

  The stepwise imine condensation method is very convenient since the reaction 

conditions are very mild (temperature range of 25 to 40 °C, low concentrations, and either 

no or catalytic amounts of acid or base is required) which minimize the potential of  

 

Figure 3.5 Other approaches to stepwise growth of molecular wires: (A) Alkyne azide 

“click chemistry”. (B) Metal-ligand coordination chemistry. (C) Pd-catalyzed Negishi 

reaction. 
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monolayer degradation. The other advantage of this technique is its compatibility with a 

large variety of molecular building blocks and it has been used to grow molecular wires of 

different structures.31,90,121,122 This method allows to precisely control the composition and 

length of the fabricated molecular films. The current author has also employed it to 

synthesize conjugation-broken OPI (CB-OPI) molecular wires (chapter 4), 

photoswitchable (PS-OPI) molecular wires (chapter 5), and ferrocene-capped OPI 

(OPI_Fc) wires (chapter 6). Overal, due to its versatility and the aforementioned 

advantages, stepwise imination has become the method of choice in our group for making 

long conjugated molecular wires.   

  Another aspect of the stepwise growth method is that its progress can be monitored 

at each step with a variety of characterization techniques. We will discuss these techniques 

in detail later on. However, to give the reader an idea, an example of a commonly used 

method to follow the imine formation reaction on the surface, namely the reflection-

absorption infrared spectroscopy (RAIRS), is described in Figure 3.4B for the stepwise 

growth of OPI p molecular wires. The alternative appearance and disappearance of 

carbonyl stretches (C=O, 1710 cm-1) as well as the symmetric amine stretches (N-H, 3350 

cm-1) confirms that imine condensation proceeds with nearly a quantitative yield on the 

surface. In addition, one can see that imine stretches (C=N, 1620 cm-1) and aromatic ring 

stretching modes (C=C, centered at ~ 1500 cm-1) grow in intensity after each step, as 

expected. 

  Beside Schiff base chemistry, several other approaches have been employed to 

build molecular wires on the surface in a stepwise manner as illustrated in Figure 3.5. Luo 

et al.89 synthesized conjugated oligophenylenetriazole (OPT) wires on gold (Figure 3.5A) 
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with controlled lengths up to 10 nm using the well-known Cu (I)-catalyzed azide alkyne 

cyloaddition (“click chemistry”). Electrical characterization of wires with CP-AFM 

revealed a clear transition in direct current (DC) transport from tunneling to hopping. 

Tuccitto et al.123 grew very long (~ 40 nm) and highly conductive molecular wires on gold 

surface (Figure 3.5B) via a stepwise coordination reaction between metal ions (Fe (II) or 

Co (II)) and a symmetric hexadentate ligand (di(terpyridinyl)benzne). The growth and 

organization of the molecular wires on Au surfaces were monitors by several techniques 

including time-of-flight secondary-ion mass spectrometry (ToF-SIMS), UV-Vis 

spectroscopy, transmittance surface plasmon spectroscopy and AFM. The electrical 

properties of the wires were characterized using the mercury-drop junction method 

described in the previous chapter. It was observed that the conductance does not 

significantly drops even for very long molecular wires and depends on the nature of the 

metal-center incorporated into the wire backbone. Li et al.124 employed Pd-catalyzed 

Negishi reaction (Figure 3.5C) to grow ferrocene-capped oligophenylene molecular wires 

of different lengths (0.5-5.0 nm) on n-Si(111) electrodes. The wires were characterized by 

cyclic voltammetry and the rate of charge transfer to the ferrocene unit was determined 

using Butler-Volmer analysis. Their results indicated that a clear change in charge-transfer 

mechanism happens beyond a certain length (~ 2.0 nm). For short wires, the rate of charge-

transfer showed an exponential decay with length which is characteristic of a tunneling 

mechanism. However, longer wires exhibited a weak length-dependence that suggests a 

hopping mechanism.    
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3.3 Characterization of Monolayer Films 
 

  Self-assembled monolayers can be characterized by a wide variety of techniques 

which can provide useful information such as thickness, chemical composition, electronic 

structure, mechanical properties, roughness, and many other properties of the SAM. In this 

section, some of the most commonly used techniques are described. 

  Contact Angle Measurement. This technique is a simple tool to study the structure 

and chemistry of the surface. It can be employed to determine the surface energy of the 

monolayer by using a series of liquids with different surface tensions. When a droplet of 

liquid is placed on a sloid surface, it forms a specific shape that is a function of the 

interactions between the liquid, surface, and the surrounding medium (which is typically 

air). The contact angle is defined as the angle between the surface and the tangent line at 

the liquid-surface interface, as depicted in Figure 3.6. At equilibrium, the relationship 

between the contact angle and the surface energies is described by Young’s equation:94 

                                                      𝛾𝑙𝑣 𝑐𝑜𝑠𝜃 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙                                                       (3.1)  

 

 

Figure 3.6 Schematic of a liquid drop resting on a solid surface with a contact angle of θ. 

The vectors represent the interfacial tensions. 
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where 𝛾𝑙𝑣, 𝛾𝑠𝑣, and 𝛾𝑠𝑙 are surface tensions of the liquid-vapor, solid-vapor, and solid-liquid 

interfaces, respectively and 𝜃 is the contact angle. If the solid-liquid tension is very small, 

𝑐𝑜𝑠𝜃 approaches 1, and 𝜃 goes to zero. This implies that the liquid wets the surface. On 

the other hand, when solid-surface tension is large compared to other terms, 𝑐𝑜𝑠𝜃 can 

become zero or even negative, corresponding to contact angles of 90° or larger. In this case, 

the liquid does not wet the surface. For example, the water contact angle (𝜃𝐻2𝑂) for an n-

alkanethiol monolayer terminated with –CH3 groups (a hydrophobic surface) is ~112°, 

whereas 𝜃𝐻2𝑂 for the same monolayer terminated with –COOH or –OH groups 

(hydrophilic surfaces) is 0°.106 

  In addition, the hysteresis of the contact angle, defined as the difference between 

the advancing (𝜃𝑎𝑑 , the largest possible angle) and receding (𝜃𝑟𝑒𝑐, the smallest possible 

angle) contact angles can provide information about the roughness and homogeneity of the 

studied surface.94 

  Optical Ellipsometry. Ellipsometry is one of the most commonly used techniques 

to study the optical properties of thin films. A typical setup an ellipsometry experiment is 

illustrated in Figure 3.7. In this technique, a beam of linearly polarized light (with field 

components Ep and Es in the directions parallel and perpendicular to the plane of incident, 

respectively) hits the surface of the sample and reflects into the detector. Upon interacting 

with the sample, the amplitude and phase of both field components of the incident light 

change and the light becomes elliptically polarized after reflection. These changes are 

measured by the detector and can be used to determine the thickness and optical constants 

(extinction coefficient (k) and index of refraction (n)) of the sample. The experimental data 

are expressed in terms of polarization angles Ψ (a relative amplitude parameter) and Δ (a 
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relative phase parameter) which are related to the normalized amplitude of the s and p 

components of the reflected light, rs and rp, through the following equation: 

                                                    
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛(𝛹)𝑒𝑖𝛥                                                           (3.2) 

The general procedure used to measure the thickness of the monolayers in this thesis is as 

following. Polarization angles (Ψ and Δ) were measured as a function of wavelength (λ) 

from 600 to 1000 nm at an incident angle of 65o. Measurements of the polarization angles 

were first takenon a bare Au-coated substrate prior to the formation of the SAM at three 

different spots. The optical constants of Au provided by the software were then used to 

model these data and determine the thickness of the Au film. After growing the monolayer, 

the measurements were repeated at the  

 

 

Figure 3.7 Schematics of optical ellipsometry. [Adapted from reference125 with 

permission] 
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same three spots. The extinction coefficients (k(λ)) and the indices of refraction (n(λ)) of 

the SAM were assumed to be 0 and 1.45 respectively over the range of 600-1000 nm.31,121 

The new Δ and Ψ values along with the fixed k and n values and the measured thickness of 

Au film were used to fit for the thickness of the SAM through an iterative algorithm built 

into the software. 

Fourier Transform Infrared Spectroscopy. Fourier transform infrared 

spectroscopy (FT-IR) is a very powerful technique for analyzing molecular orientation, 

chemical composition of a surface, film crystallinity and surface coverage.95,96,126 For a 

normal vibrational mode, the integral intensity (A) of the absorption band, according to 

Fermi’s golden rule, is proportional to the probability per unit time of a transition between 

an initial state i and a final state f. This probability, within the framework of the first 

(dipole) approximation of time-dependent perturbation quantum theory,126 is proportional 

to the matrix element of the Hamiltonian �̂�  =  −𝑬 ̂. �̂� squared, where E is the electric field 

vector and p is the electric dipole moment, resulting in the absorption: 

                                             𝐴 ∝ 𝐸2|⟨𝑖|𝝆|𝑓⟩|2𝑐𝑜𝑠2𝜑                                                      (3.3)  

where E is the intensity of the electric field, |⟨i|ρ|f⟩| is the transitional dipole moment 

(TDM), ρ is the dynamic dipole moment (ρ = ∂p/∂qi, where qi is the normal coordinate 

characterizing the corresponding normal mode), and φ is the angle between the E and ρ 

vectors. Equation 3.3 describes the mathematical formulation of the selection rule for the 

activity of any excitation in the IR spectrum. It indicates that absorption of IR radiation is 

anisotropic. An excitation is IR active if (1) there is a net change in the dipole moment (i.e., 

ρ ≠ 0) and (2) the projection of this change onto the direction of the electric field is nonzero. 
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In the case of thin films on metals, the metallic surface imposes an additional selection rule 

that only vibrations with a dipole moment aligned perpendicular to the surface will be 

excited. In the rest of this section, two of the most commonly used techniques for the IR 

spectroscopic characterization of thin adsorbate films on flat solid substrates, namely, 

reflection-absorption infrared spectroscopy (RAIRS) and attenuated total internal 

reflection (ATR) will be described. 

RAIRS is a well-established technique that has been widely employed to study thin 

films.31,89,95,96,126 For the works presented in chapters 4 and 5 of this thesis, the author has 

used RAIRS as the primary characterization tool for following the stepwise growth of the 

molecular wires on gold surface. In this technique, a beam of linearly polarized IR light 

hits the surface at a high angle of incidence (close to the grazing angle) and reflects off 

after interacting with the molecules on the surface. The spectrum contains useful 

information about the chemical composition and molecular structure of the surface. RAIRS 

has also been used to determine the orientation of molecules in n-alkanethiol and aromatic 

SAMs.95,96,127 

 

Figure 3.8 Schematic representation of ATR spectroscopy. Blow-up shows the interaction 

of evanescent wave with the sample. [Adapted from reference128 with permission]  
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ATR is another technique for investigating the properties of a surface by IR 

spectroscopy. In this method, as shown in Figure 3.8, the infrared beam first enters the 

ATR crystal which comprises an IR transparent material with a high refractive index (e.g., 

ZnSe, Ge or diamond) and is totally reflected at the sample-crystal interface. The reflection 

forms the evanescent wave which extends into the sample. The penetration depth is 

typically in order of few microns (0.5-5 µm) depending on the wavelength of the light, 

refractive indices of the ATR crystal and the sample, and the angle of incidence. The 

evanescent wave is attenuated by the molecular absorption in the IR region. After one or 

several internal reflections, the IR beam exits the ATR crystal and is directed to the IR-

detector. For obtaining a high quality ATR spectrum, two requirements must be fulfilled: 

(1) good contact between the ATR crystal and sample has to be ensured as the evanescent 

wave can protrude only a few microns beyond the crystal (2) The refractive index of the 

ATR crystal has to be much higher than the sample for the internal reflection to take place. 

In a study conducted by Zhang et al.129, ATR was employed to study the surface 

functionalization of ZnO wafers by SAMs of carboxyalkylphosphonic acids.  

Cyclic Voltammetry. Cyclic voltammetry (CV) is a powerful electrochemical 

technique which can provide valuable information such as electronic structure and surface 

coverage of the monolayers. There are three electrodes involved in a typical CV setup: (1) 

working electrode (WE) (2) counter electrode (CE) and (3) reference electrode (RE). In a 

CV experiment, the potential between the WE and RE is varied (a saw tooth potential as a 

function of time) and the current between the WE and CE is recorded. The plot of current 

versus potential yields the cyclic voltammogram. In our experiments, the WE was a SAM-

coated Au substrate, the RE was an Ag wire, and the CE was a Pt coil. As mentioned above, 
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CV can also be used to determine the surface coverage of the SAMs. To do this, we end-

capped the monolayers with ferrocene which exhibits a well-defined redox behavior. The 

surface coverage (Γ) was calculated according to Equation 3.4: 

 

                                                     𝛤 = 𝑄/𝑛𝐹𝐴                                                            (3.4)                                                                       

where Q is the charge injected into the ferrocene-capped SAM obtained by integrating the 

area under the oxidation peak of the cyclic voltammogram, n is the number of electrons 

involved in the electron-transfer process, F is the Faraday constant, and A is the surface 

area of the monolayer which is in contact with the electrolyte solution. 

 X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) is a 

powerful characterization tool for analyzing the chemical composition of the surface.  

 

Figure 3.9 Schematics of x-ray photoelectron spectroscopy (XPS). [Adapted from 

reference130 with permission] 
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Figure 3.9 depicts a typical setup of an XPS experiment.  In this technique, the sample 

under investigation is irradiated by a beam of x-ray with known energy under high vacuum 

(~10-10 Torr) which causes the ejection of photoelectrons (from the core levels). The kinetic 

energy (Ek) of the emitted electrons is given by: 

                                                             𝐸𝑘 = ℎ𝜐 − 𝜑 − 𝐸𝑏                                                            (3.5) 

where hν represents the energy of the incident x-ray, φ is the work function, and Eb is the 

binding energy. Plotting the photoelectron count versus the binding energy yields the XPS 

spectrum. Each peak in the spectrum represents the presence of a specific element, along 

with its oxidation state and relative abundancy. The intensity of the photoemitted electrons 

are linearly proportional to the concentration of the corresponding element on the surface. 

However, the signal from the atoms will be attenuated (due to the absorption of the 

electrons) according to their depth within the monolayer. That is, the deeper the atom is 

buried inside the SAM, the more the attenuation will be since the photoelectrons have to 

travel a longer distance through the monolayer before reaching the detector. 

XPS can also be used to determine the film-thickness. There are two main 

approaches for obtaining the thickness. One method involves measuring the attenuation of 

the photoelectron peaks from the metal substrate. The intensity of the photoelectrons from 

the metal can be described by: 

                                                                

                                                               𝐼 = 𝐼0 exp( −
𝑑

𝜆 𝑠𝑖𝑛𝜃
)                                                (3.6)  

  where I is the intensity of the attenuated (by a monolayer) photoelectron of the metal, I0 

is the photoelectron intensity corresponding to the bare metal, d is the monolayer thickness, 
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λ is the attenuation length, and θ is the angle between the analyzer axis and surface parallel 

(take-off angle). To obtain the thickness (d), intensities of x-ray photoelectrons with a 

known attenuation length (λ) are measured at a fixed photoelectron kinetic energy.131 In 

the second technique, the thickness is deduced by comparing the relative photoelectron 

intensities of the sample to a reference with a known thickness. For instance, the thickness 

of an organothiol SAM on gold can be determined using the relative intensities of Au 4f 

and C 1s peaks and by using hexadecanethiol monolayer on Au as a reference system 

according to the following equation:132 

                     

𝐼𝑐
𝐼𝐴𝑢

(𝑠𝑎𝑚𝑝𝑙𝑒)

𝐼𝑐
𝐼𝐴𝑢

(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
=

{1−exp (−
𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝜆𝐶
)}exp (−

𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜆𝐴𝑢
)

{1−exp (−
𝑑𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜆𝐶
)}exp (−

𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝜆𝐴𝑢
)
               (3.7) 

where IC is the intensity of C 1s photoelectrons and IAu is the intensity of the Au 4f 

photoelectrons. Furthermore, Equation 3.7 assumes the same attenuation length of carbon 

(λC) and Au (λAu) photoelectrons for the sample and the reference.   
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4 Exploring the Charge Transport in Molecular 

Wires with Interrupted Conjugation 
 

4.1 Abstract 
 

We report the synthesis, transport measurements, and electronic structure of 

conjugation-broken oligophenyleneimine (CB-OPI 6) molecular wires with lengths of ~ 4 

nm. The wires were grown from Au surfaces using stepwise aryl imine condensation 

reactions between 1,4-diaminobenzene and terephthalaldehyde (1,4-

benzenedicarbaldehyde). Saturated spacers (conjugation breakers) were introduced into the 

molecular backbone by replacing the aromatic diamine with trans-1,4-diaminocyclohexane 

at specific steps during the growth processes. FT-IR and ellipsometry were used to follow 

the imination reactions on Au surfaces. Surface coverages (4 molecules per nm2) and 

electronic structures of the wires were determined by cyclic voltammetry and UV-Vis 

spectroscopy, respectively. The current-voltage (I-V) characteristics of the wires were 

acquired using conducting probe atomic force microscopy (CP-AFM) in which an Au-

coated AFM probe w-as brought into contact with the wires to form metal-molecule-metal 

junctions with contact areas of ~50 nm2. The low bias resistance increased with the number 

of saturated spacers, but was not sensitive to the position of the spacer within the wire. 

Temperature dependent measurements of resistance were consistent with a localized 

charge (polaron) hopping mechanism in all of the wires. Activation energies were in the 

range of 0.18-0.26 eV (4.2-6.0 kcal/mol) with the highest belonging to the fully conjugated 

OPI 6 wire and the lowest to the CB3,5-OPI 6 wire (the wire with two saturated spacers). 

For the two other wires with a single conjugation breaker, CB3-OPI 6 and CB5-OPI 6, 

activation energies of 0.20 eV (4.6 kcal/mol) and 0.21 eV (4.8 kcal/mol) were found, 
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respectively. Computational studies using density functional theory confirmed the 

polaronic nature of charge carriers but predicted that the semiclassical activation energy of 

hopping should be higher for CB-OPI molecular wires than for the OPI 6 wire. To reconcile 

the experimental and computational results, we propose that the transport mechanism is 

thermally-assisted polaron tunneling in the case of CB-OPI wires, which is consistent with 

their increased resistance.  

4.2 Introduction 
 

Donor-bridge-acceptor (d-b-a) systems dissolved in solution have been explored 

extensively to investigate charge transport phenomena within molecules.8–13,15,62,64,133–135 

From a device perspective, however, it is desirable to study electrical transport in molecules 

in a solid-state architecture, i.e., connecting the molecules directly to contacts to form a 

metal-molecule-metal junction. Despite the challenges of making molecular junctions 

(MJ), several techniques have emerged to contact molecules (i.e., a single molecule or an 

assembly of molecules) in a reliable and reproducible manner.16–23,136–144 These methods 

provide unique platforms to explore charge transport mechanisms,65 the nature of charge 

carriers26 in MJs, the role of metal/molecule interfaces in determining the electrical 

properties of junctions,145–147 and the correlation between charge transport and structural 

properties such as molecular length29,31,67,68,121,122,148,149 and bond architecture.140 These 

fundamental studies broaden our knowledge of how to control electronic transport in small 

numbers of molecules connected to electrodes, knowledge that may also impact the parallel 

development of molecular materials for organic electronics.1–6 



55 

 

 For junctions based on molecules with lengths of 1-3 nm, the transport mechanism 

is usually direct tunneling.65,66,150,151 In this mechanism, an electron passes from one metal 

contact to the other in a single step, i.e., the electron is never localized on the molecule. 

Key parameters in direct tunneling are the molecule-electrode coupling (Γ) and the energy 

offset ε between the metal Fermi levels and the closest frontier molecular orbital (HOMO 

or LUMO typically).28,70 

 As the molecules in a junction become longer, direct metal-to-metal tunneling may 

no longer be the most efficient channel for electron transport. Instead, it becomes possible 

to inject an electron (or a hole) into an empty (or a filled) orbital of the 

molecule.31,67,68,121,122,149 The resulting charge localizes to form a polaron, i.e., a charge 

with associated coupling to nuclear degrees of freedom. The polaron then hops along the 

molecular backbone driven by the applied electric field. 

 The polaronic nature of charge carriers in π-conjugated films has been inferred from 

the results of charge-induced absorption spectroscopy152–156 and electron spin resonance 

(ESR) experiments,154,155,157,158 and also by quantum chemical calculations90,154,159 that 

indicate significant polaron binding energies. In terms of transport, polaron motion is 

generally expected to be thermally activated with transition states corresponding to near-

conical intersections of two diabatic electronic potential energy surfaces (PES), Figure 4.1. 

However, polaron tunneling between the PESs is possible160,161 and indeed it has been 

proposed as an important charge transport mechanism in films of organic 

semiconductors.162–164 Polaron tunneling differs from direct electronic tunneling in so far 

as charge transport is coupled with nuclear tunneling, i.e., there is a simultaneous change 

in both electronic localization and nuclear geometry, as opposed to a direct tunneling  
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Figure 4.1 (A) A simplified schematic of polaron transport within the OPI backbone. (B) 

Potential energy surfaces corresponding to initial (1) and final (2) polaronic states involved 

in the intramolecular electron transfer process under an applied bias. The hopping and 

thermally-assisted nuclear tunneling mechanisms are represented by solid and dashed red 

arrows, respectively. λ is the reorganization energy, εif is the energy difference between the 

initial and final states due to the applied electric field, Ea = (εif + λ)2/4λ is the activation 

energy of hopping, and Ea’ is the apparent activation energy of thermally-assisted 

tunneling. Note that Ea’< Ea. 
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mechanism that involves charge transport through a barrier at a frozen molecular geometry. 

The process of polaron tunneling is illustrated in Figure 4.1B with an activation energy for 

classical hopping (Ea) being larger than the apparent activation energy associated with 

thermally-assisted tunneling (Ea’). Polaron tunneling contributes to an effective activation 

energy for the polaron transfer that is lower than for the semiclassical hopping process. 

 In this work, our goal was to explore the nature of polarons and polaron transport 

in π-conjugated molecular wires embedded in a molecular junction. Prior work by Choi et 

al.35 has shown that transport in long (> 4 nm) oligophenyleneimine (OPI) wires is 

thermally activated and that π-conjugation is disrupted by torsional vibrations of the 

aromatic subunits about C-N and C-C bonds. Density functional theory (DFT) calculations 

have further confirmed the localization of charge and spin density, i.e., the formation of 

polarons in these systems.44,90 Open questions include the spatial extent (or localization 

length) of the polarons, the key vibrational modes, particularly those associated with the 

transition states and barriers important for transport (Figure 4.1), and the number of polaron 

‘‘hops’’ required to traverse individual molecules. 

To address these issues, we built three conjugation-broken (CB) OPI 6-like wires 

in which π-conjugation was intentionally disrupted by adding one or two cyclohexyl 

groups, Figure 4.2. For CB3-OPI 6 and CB5-OPI 6, we anticipated that resistance of the 

wires would increase, consistent with our earlier results,31,121 but we were interested in 

whether the specific location of the CB unit would impact the resistance or the activation 

energy for polaron transport. In the case of CB3,5-OPI 6 the question was whether two 

blocking units would further increase the resistance and change the transition state and 

activation energy for polaron hopping.  
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The wires were grown from Au surfaces in a similar manner to OPI wires, using 

stepwise imination that has been utilized previously to make a variety of molecular 

wires.31,44,90,121,122 Conducting probe atomic force microscopy (CP-AFM) was employed 

to measure the current-  

 

 

Figure 4.2 (A) Molecular structures of OPI 6 and CB-OPI 6 wires. The conjugation 

breaking cyclohexyl unit is shown in red. The numbers followed by “CB’’ indicate the 

position of the cyclohexyl group relative to Au surface (each phenyl ring is counted as 

one). The capping unit (terminal phenyl ring) is not counted in the naming system (B) 

Schematic of an Au/CB3-OPI 6/Au AFM junction. 

 

voltage (I-V) characteristics. The main observations from these experiments were: (1) the 

resistance of the wires increased with the number (0,1, or 2) of the saturated spacers; (2) 

the resistance did not depend on the position of the spacer (CB3 vs. CB5); (3) the transport 

in all the wires was thermally activated, consistent with polaron hopping, but the activation 
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energies were smaller for the CB-OPI 6 wires than for unmodified OPI 6. Complementary 

DFT calculations confirmed the localized nature of charge and spin on all four types of 

wires but also suggested that the transition state (TS) hopping barrier should depend on the 

location of the cyclohexyl spacer and should be substantially larger for CB-OPI 6 wires 

than the OPI 6 wire. The TS was found to involve coupled C=N and C=C bond stretches 

for CB-OPI 6 wires whereas for OPI 6 torsional vibration of aromatic rings was key. 

Transition state analysis also indicated the potential for nuclear tunneling in the charge 

transfer process in CB-OPI 6 wires. As discussed toward the end of this work, we propose 

that the experimental and computational results are consistent with thermally activated 

polaron tunneling within the OPI wires. By polaron tunneling we mean a concerted nuclear 

and electronic tunneling event most likely involving bond order changes in C=C and C=N 

bonds in the backbone of the OPI and CB-OPI wires. 

To our knowledge, this is the first study of its kind to systematically explore the 

impact of interrupted conjugation on intramolecular polaron transport over nanometer 

length scales in conjugated molecules. Significantly, our results suggest that it is possible 

to change the critical vibrational mode associated with transport by intentionally disrupting 

the conjugation, opening up further opportunities to explore polaron physics in these well-

defined molecular nanowires. 

4.3 Materials and Methods 
 

Materials. Au nuggets (99.999%) were purchased from Mowrey, Inc (Saint Paul, 

MN). Cr evaporation rods and evaporation boats were obtained from R. D. Matthis (Long 

Beach, CA). Si (100) wafers were obtained from WaferNet (San Jose, CA). Contact mode 
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AFM tips (DNP silicon nitride probes) were purchased from Bruker AFM Probes 

(Camarillo, CA). Absolute ethanol was obtained from Fisher Scientific. All other 

chemicals were purchased from Sigma Aldrich (Milwaukee, WI) and used as received. Dry 

acetonitrile was stored in a glovebox prior to use. 

Preparation of Au Substrates and Au-coated AFM probes. Molecular wires 

were grown on Au substrates. For reflection-absorption infrared spectroscopy (RAIRS), 

ellipsometry and cyclic voltammetry (CV), substrates were 50 nm thick Au films on silicon 

(with 5 nm Cr as the adhesion layer) prepared in a thermal evaporator at a rate of 1.0 Å/s 

at a base pressure of 7 × 10-7 Torr. For AFM measurement, atomically smooth Au 

substrates were prepared by template-stripping of 500 nm Au grown on Si (100).104 Au-

coated AFM probes for CP-AFM measurements were prepared by depositing 5 nm of Cr 

followed by 50 nm of Au on DNP silicon nitride probes in a thermal evaporator as 

described previously. 

Stepwise growth of molecular wires. CB-OPI 6 molecular wires were prepared 

by the stepwise growth method originally reported by Rosink et al.120 and further 

developed in our group.31,44,90,121,122 Briefly, freshly prepared Au substrates were first 

immersed in N2 purged 1 mM solution of 4-aminothiophenol (4-ATP) in absolute ethanol 

for 18-24 h to form a self-assembled monolayer (SAM) on the surface. Samples were then 

removed from the solution, rinsed thoroughly with copious amounts of ethanol and 

immersed in ethanol for 1 h to remove any physisorbed molecules. Then, the samples were 

immersed in a 20 mM solution of terephthalaldehyde in ethanol for 20-24 h to form imine 

bonds. The samples were then soaked in ethanol for 1 h and the same procedure was 

followed with 20 mM solutions of either 1,4-diaminobenzene or trans-1,4-
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diaminocyclohexane (depending on the structure of target wire) in ethanol at 40 oC to 

promote the formation of imine bonds. This procedure was repeated until reaching the 6th 

layer (CB-OPI 6p). At this point, wires were terminated with a -CHO group. Wires were 

end-capped with aniline (20 mM solution in ethanol at 40 oC for 24 h). 

To synthesize ferrocene-capped molecular wires for CV measurements, the 

procedure reported by Demissie et al. was followed.69 Briefly, OPI 6p and CB-OPI 6p 

wires were reacted with 2 mM solution of aminoferrocene in absolute ethanol for 24 h at 

room temperature. This reaction was carried out inside a glove box (O2 < 0.1 ppm) because 

aminoferrocene is not stable in air. 

Characterization of SAMs. SAMs of CB-OPI molecular wires were extensively 

characterized by reflection-absorption Fourier transform infrared spectroscopy (RAIRS), 

cyclic voltammetry (CV), ellipsometry, and UV-Vis spectroscopy. 

RAIRS was employed to follow the stepwise growth of the molecular wires on the 

surface. The measurements were done using a Nicolet Series II Magna-IR System 750 

FTIR with a Harrick Seagull accessory for grazing incidence specular reflectance 

measurements. The incident angle of the IR beam was set to 84° with respect to the surface 

normal. For each sample, a total of 1000 scans were collected at a resolution of 2.0 cm-1. 

Monolayer thicknesses were determined by ellipsometry. Measurements were 

taken on a VASE spectroscopic ellipsometer (J. A. Woollam Co., Inc.). Polarization angles 

(Ψ and Δ) were measured as a function of wavelength (λ) from 600 to 1000 nm at an 

incident angle of 65o. Measurements of the polarization angles were first taken on bare Au-

coated substrates prior to the formation of the SAM at three different spots. The optical 
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constants of Au provided by the software were then used to model these data and determine 

the thickness of Au film. After growing the wires, the measurements were repeated at the 

same three spots. The extinction coefficients (k(λ)) and the indices of refraction (n(λ)) of 

the SAM were assumed to be 0 and 1.45 respectively over the range of 600-1000 nm. The 

new Δ and Ψ values along with the fixed k and n values and the measured thickness of Au 

film were used to fit for the thickness of the SAM through an iterative algorithm built into 

the software.  

To determine the surface coverage of the SAMs, cyclic voltammetry (CV) 

experiments were undertaken on ferrocene-capped CB-OPI wires. An O-ring (1 cm 

diameter) was placed between the monolayer-coated Au substrate and a three-neck 

electrochemical cell with a hole at the bottom. In this setup, Au substrate served as the 

working electrode. A Pt wire was used as the counter electrode and the reference was an 

Ag wire. The electrolyte was a 0.1 M solution of tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) in deoxygenated anhydrous acetonitrile. The surface 

coverage (Γ) was calculated according to Equation 4.1: 

                                                                   𝛤 = 𝑄/𝑛𝐹𝐴                                              (4.1)                                                                       

where Q is the charge injected into the SAM obtained by integrating the area under the 

oxidation peak of the cyclic voltammogram, n is the number of electrons involved in the 

electron-transfer process, F is the Faraday constant, and A is the surface area of the 

monolayer which is in contact with the electrolyte solution and is defined by the area inside 

the O-ring.  
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UV-Vis absorption spectra of CB-OPI wires were taken from 300-600 nm at 1.0 

nm resolution using a Spectronic GENESYS-5 UV-visible spectrophotometer. 

Semitransparent Au substrates were prepared by depositing 20 nm thick Au films on 

polystyrene UV cuvettes in a thermal evaporator. Molecular wires were then grown on the 

Au films as described above. 

Electrical measurements by CP-AFM. After the molecular wires were grown on 

the surface, metal-molecule-metal junctions were formed by bringing an Au-coated AFM 

probe into contact with the molecular wire film. For all of the conjugation-broken wires 

(CB3, CB5 and CB3,5-OPI 6), room temperature I-V curves in the range of ±1.5 V were 

measured with an     environmentally controlled Molecular Imaging PicoScan/PicoSPM 

equipped with a current-sensing nose. During the measurements, the glass chamber 

surrounding the sample was constantly purged with N2 to keep the relative humidity level 

low (< 1%). Since the current-sensing nose of the PicoScan instrument could only measure 

currents up to 10 nA, room temperature I-V measurements in the range of ±1.5 V for OPI 

6 wire were performed with a Multimode AFM (Bruker) housed in an Ar filled glove box 

(O2 < 5ppm).  This instrument was customized to perform electrical measurements. Prior 

to measuring each sample, the AFM tips were tested to ensure similar resistances (about 1 

GΩ) for tunneling through a nonanethiol monolayer on Au (an effective calibration 

standard). 

Reported I-V curves (Figure 4.11) are an average of 100-200 traces collected over 

6 different locations on the sample. Due to defects in SAM or the drift of the AFM tip, ~5-

9% of the traces displayed very high currents (i.e., nearly vertical line in the I-V plot) and 

were not included in the averaging. 
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For the room temperature low bias resistances (depicted in Figure 4.12) extracted 

from the ±0.2 V portion of the I-V curves, the histograms are given in Figure 4.13.  

Temperature dependence of the resistances of all four wires were examined using 

the PicoScan instrument at < 1% relative humidity. For the OPI 6 wire, the measurements 

were carried out in the range of -30 °C (243 K) to 65 °C (338 K). However, due to the 

limitations of the current amplifier, smaller temperature ranges were explored for the 

conjugation-broken wires (see Figure 4.14). To vary the temperature of the sample above 

and below the room temperature, a normal heating stage and a Peltier cooling stage were 

used. I-V measurements were performed in a bias window of ±0.5 V and resistances were 

calculated from the slope of the fitted line to the low bias (±0.2 V) portion of the I-V curves. 

In all of the electrical measurements, a compressive load of 2 nN on the tip was 

applied to make a reproducible soft contact.165 Each  resistance value represents an average 

of 100-200 traces collected over 6 different locations on the sample.  

Computational Details. The geometries of neutral and radical cation species of 

OPI 6 and CB-OPI 6 wires including one gold atom as a thiolate contact were optimized at 

the Kohn-Sham density functional level of theory with the CAM-B3LYP166 exchange-

correlation functional, using the Stuttgart pseudopotential167 and associated double zeta 

valence basis set for Au and the 6-31G(d,p) basis set for C, N, S and H. With 65% Hartree-

Fock exchange at long range, CAM-B3LYP is expected to minimize spurious 

delocalization of spin densities resulting from DFT self-interaction error. For OPI 6 radical 

cation species, CAM-B3LYP predicts maximum polaronic lengths of 5 rings (Figure 

4.15A) which is consistent with previous experimental results31 on OPI wires and validates 

our choice of functional. The Gaussian 09 software package24 was used for all the 
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calculations. Vibrational frequency analysis was performed for all optimized structures to 

confirm their natures as local minima or transition-state (TS) structures.  

Vertical electronic excitations energies of the neutral wires were calculated using 

time-dependent density functional theory (TDDFT) for optimized structures of each 

system. For TDDFT calculations the M06168 functional was used with the Stuttgart 

pseudopotential and associated double zeta valence basis set for Au and the 6-31+G(d,p) 

basis set for C, N, S and H. The first bright singlet transition involving the π framework 

was considered here for comparison to experiment, as described below.   

4.4 Results and Discussion 
 

Growth and Characterization of Molecular Wires. Figure 4.3A outlines the 

chemistry for growing the CB5-OPI 6p wire. The first step is the adsorption of 4-

aminothiophenol (4-ATP) on diaminocyclohexane in the growth process enabled us to 

incorporate a saturated spacer into the conjugated chain. Wire growth was monitored using 

RAIRS. It can be seen from RAIRS spectra shown in Figure 4.3B that carbonyl stretches 

(1704 cm-1) alternatively appear and disappear for even and odd numbers of repeat units, 

respectively. This indicates that the imination reaction steps proceeded to near completion 

on the surface. Imine stretches (1620 cm-1) and aromatic ring modes (1470-1500 cm-1) can 

also be observed consistent with growth of molecular wires on the Au surface. Moreover,  
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Figure 4.3 (A) Stepwise growth of CB5-OPI 6p molecular wire on Au substrate. (B) 

RAIRS spectra of the wires shown on the left. Dashed lines specify the positions of the 

imine stretches (C=N, 1620 cm-1 aromatic, 1644 cm-1, aliphatic, see above for more 

details), and carbonyl stretch (C=O, 1704 cm-1). 

 

a small shoulder (1644 cm-1) next to the main imine stretch appears in the spectrum right 

after the cyclohexane unit is inserted (in this case at the 5th step of growth). This feature 

corresponds to the aliphatic imine stretch31 and therefore appears at a higher frequency 

relative to its aromatic counterpart. RAIRS data for OPI 6p, CB3-OPI 6p, and CB3,5-OPI 

6p are given in Figure 4.4. 
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Figure 4.4 RAIRS data corresponding to the stepwise growth of (A) OPI 6p, (B) CB3-

OPI 6p, and (C) CB3,5-OPI 6p molecular wires. 

 

            CB-OPI wires were also characterized by ellipsometry, cyclic voltammetry (CV) 

and UV-Vis spectroscopy. The key results are summarized in Table 4.1. Figure 4.5 shows 

the results of ellipsometry measurements for CB3,5-OPI wires. There is a monotonic 

increase in the monolayer thickness and the predicted and measured values are very well  
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Figure 4.5 Predicted and measured thicknesses from ellipsometry for CB3,5-OPI 

molecular wires. Thicknesses were predicted using Cambridge ChemBio 3D Ultra 

software assuming a vertical orientation of the wire. Error bars represent one standard 

deviation of measurements over three different spots.  

 

correlated. The data confirm that wires grow longer after every reaction step, as expected. 

The observed difference between the measured and predicted thicknesses (the latter 

assumes an upright orientation) for the longest wires may indicate that the wires are tilted 

(~30o) as previously reported for OPI wires.31 The measured thicknesses for OPI 6, CB3-

OPI 6, and CB5-OPI 6 wires are tabulated in Table 4.1. 
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Table 4.1 The main surface characterization data for CB-OPI 6 wires.a 

Monolayer Predicted 

Thickness 

(nm) 

Measured film 

Thickness 

 (nm) 

Surface 

Coverage 

 

(molecules/nm2) 

Eg  

(eV) 

OPI 6 4.7 4.1 2.2 2.6 

CB3-OPI 6 4.6 4.0 2.1 2.6 

CB5-OPI 6 4.6 4.0 2.1 2.7 

CB3,5-OPI 

6 

4.5 4.0 2.5 3.2 

a Predicted thicknesses were calculated by Cambridge ChemBio 3D Ultra software 

assuming a vertical orientation of the wire. Surface coverages were calculated from 

ferrocene-capped wires. Optical gaps (Eg) were deduced from the onset of absorption peak 

in the UV-Vis spectrum. 

 

Cyclic voltammetry (CV) measurements were carried out to determine the surface 

coverages of wires. In order to accurately measure the surface coverage, wires were end-

capped with aminoferrocene (FcNH2) instead of aniline. The structure of the ferrocene-

capped OPI 6 wire (OPI 6_Fc) is depicted in Figure 4.6A. Figure 4.6B shows the cyclic 

voltammograms of OPI 6_Fc and CB-OPI 6_Fc wires. A reversible oxidation peak 

associated with the ferrocene unit is observed for each wire. Surface coverages were 

calculated by integrating the area under the oxidation peak in the forward sweep (equation 

1) and are given in Table 1. Recently, Demisse et al. showed that the efficiency of 

ferrocene-capping step for OPI wires is about 50%.169 That is, only half of the wires were 

terminated with ferrocene after reacting with FcNH2. Therefore, the true surface coverages 

for these wires should be about twice as much as the values obtained from CV. Assuming 

that a similar condition holds for CB-OPI 6_Fc wires, the numbers given in Table 4.1  
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Figure 4.6 (A) Structure of ferrocene-capped OPI 6 wire (OPI 6_Fc). (B) Cyclic 

voltammogram of OPI 6_Fc and CB-OPI 6_Fc wires in 0.2 M Bu4NPF6/CH3CN. The 

reference and counter electrodes were Ag and Pt wires, respectively. Sweep rate was 500 

mV/s and potentials were referenced to ferrocenium/ferrocene (Fc+/Fc). 

 

must be corrected to account for the incomplete ferrocene-capping step. This gives surface 

coverages of around 4.2-5.0 molecules/nm2 for these wires which are comparable to the 

average of 3.9 molecules/nm2 reported for OPI_Fc wires.169 The similar surface coverages 

of OPI 6_Fc and CB-OPI 6_Fc indicates that the number of molecules in the AFM junction 

is almost identical for all the wires. This validates the comparison of the resistances of 

different molecular wire junctions, which, as will be shown below, vary by over a factor of 

10. Figure 4.7 depicts the CV data collected at six different sweep rates for the OPI 6_Fc 

and CB-OPI 6_Fc molecular wires. 
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Figure 4.7 Cyclic voltammograms of ferrocene-capped (A)OPI 6, (B) CB3-OPI 6, 

(C)CB5-OPI 6, and (D) CB3,5-OPI 6 wires in 0.2 M Bu4NPF6/CH3CN measured at six 

different sweep rates. The reference and counter electrodes were Ag and Pt wires 

respectively and potentials were referenced to ferrocenium/ferrocene (Fc+/Fc). 

 

UV-Vis absorption spectra of the CB-OPI 6 wires are shown in Figure 4.8. The 

optical gap (Eg) (calculated from the absorption edge) of each wire is given in Table 4.1. 

Interestingly, the spectra only change very slightly from OPI 6 to CB3-OPI 6 or CB5-OPI 

6 (2.6-2.7 eV). This indicates that incorporating one saturated unit into the conjugated 

chain does not significantly change the HOMO-LUMO gap. There is still a major part of 

the wire that remains conjugated. However, Eg dramatically increases by about 0.6 eV upon 

inserting the second cyclohexyl unit into the wire backbone in the case of CB3,5-OPI 6 
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wire. With two saturated units, conjugation is mainly lost (it extends to two phenyl rings 

at most) and thus the optical gap rises significantly. λmax values show a similar trend as they 

shift to lower wavelengths by moving from OPI 6 to CB3,5-OPI 6. 

 

Figure 4.8 UV-Vis spectra of CB-OPI 6 wires. Optical gaps (Eg) are depicted in the 

inset. 

 

The observations from UV-Vis spectroscopy are consistent with DFT calculations. 

We examined the HOMOs of the neutral optimized geometry of each system (Figures 4.9 

and 4.10). The extents of delocalization (conjugation) for the HOMOs of OPI 6, CB3-OPI 

6 and CB5-OPI 6 are similar (Figures 4.9A, 4.9B, and 4.10), but delocalization becomes 

much smaller in the case of the CB3,5- OPI 6 system (Figure 4.9C and 4.9D). 
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Figure 4.9 π and π* orbitals (isovalues 0.03) of (A) OPI 6, (B) CB3-OPI 6, and (C, D) 

CB3,5-OPI 6 wires involved in low lying intense π-π* singlet excitations for neutral 

optimized geometries (single point with the M06 functional). [Calculations performed by 

Ghosh et al.] 

 

TDDFT calculations show that for OPI 6, the most intense low lying π-π* excitation is at 

2.88 eV (430 nm) (Figure 4.9A). For both CB3-OPI 6 and CB5-OPI 6, the most intense 

low lying π-π* excitations are found at 3.02 eV (410 nm) (Figures 4.9B and 4.10). This is 

consistent with the experimental results, since the excitation energy does not change  

A B

C D
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Figure 4.10 π and π* orbitals (isovalues 0.03) of CB5-OPI 6 wire involved in low lying 

intense π-π* singlet excitations for neutral optimized geometries (single point with the M06 

functional). [Calculations performed by Ghosh et al.] 

 

significantly from OPI 6 to CB3-OPI 6 and CB5-OPI 6. For CB3,5-OPI 6, there is a 

moderate intensity (oscillator strength of 0.46) π-π* excitation at 2.40 eV (516 nm) (Figure 

4.9C) and also a relatively high intensity (oscillator strength of 0.67) excitation at 3.51 eV 

(353 nm) (Figure 4.9D). All these excited states primarily involve single acceptor orbitals 

in every case that is π* in nature and largely localized over the same fragments as the π 

orbitals. In the case of CB3,5-OPI 6 wire, the low energy excitation (2.40 eV) involves the 

π HOMO and the corresponding π* orbital (Figure 4.9C), whereas the high energy 

excitation (3.51 eV) involves the π HOMO-1 and corresponding π* orbital (Figure 4.9D). 

The low-energy excitation is associated with the region of the molecule directly in contact 

with the gold surface, unlike all of the other excitations in the various wires, which are well 
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localized away from the surface. This is likely why the low energy transition fails to be 

particularly evident in the experimental spectrum of the CB3,5-OPI 6 wire (Figure 4.8). 

Electrical Characterization of CB-OPI 6 wires. Transport characteristics of OPI 

6, CB3-OPI 6, CB5-OPI 6 and CB3,5-OPI 6 wires were studied by CP-AFM, which has  

 

Figure 4.11 Semilog I-V plots for Au/CB-OPI 6/Au and Au/OPI 6/Au junctions. Each 

curve is an average of 100-200 traces obtained at room temperature. Error bars represent 

one standard deviation. 

 

been used previously to measure the I-V characteristics of many molecular 

systems.18,29,31,44,90,121,122,150,151,170 The semilog I-V plots of OPI 6 and CB-OPI 6 molecular 

wire junctions are shown in Figure 4.11. Each curve is an average of 100-200 traces that 

were collected over 6 different locations on the sample. It is clear that current decreases as 
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more saturated units are incorporated into the wires. However, the drop in current is more 

severe for adding the first cyclohexyl group than it is for adding the second one. 

The low bias resistances and the corresponding histograms are given in Figures 

4.12 and 4.13, respectively. The trend in resistances is very similar to what was observed  

 

Figure 4.12 Low bias resistance of Au/CB-OPI 6/Au and Au/CB-OPI 6/Au junctions at 

room temperature. Each data point is the average of low bias resistances calculated from 

100-200 I-V traces in the range of -0.2 to 0.2 V. The data obtained at 6 different locations 

on the sample. Error bars represent one standard deviation.   

 

for the I-V curves. There is a significant jump in resistance, almost an order of magnitude, 

from OPI 6 to either the CB3-OPI 6 or CB5-OPI 6 wires. This change in resistance is in 

good qualitative agreement with previously published work on OPI wires.31 It has been 

shown that incorporatin-g a cyclohexyl group into OPI 4 and OPI 8 increases the resistance  
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Figure 4.13 Resistance histograms of the (A) OPI 6, (B) CB3-OPI 6, (C) CB5-OPI 6, and 

(D) CB3,5-OPI 6 molecular wires at room temperature. Each plot represents the low bias 

resistances calculated from the ±0.2 V range of the I-V curves. The number of traces 

included in each histogram along with the percentage used of the total collected traces (the 

value in the parenthesis) are shown. 

 

by 0.5 and 1.5 orders of magnitude, respectively. In terms of length, OPI 6 studied here 

lies in between OPI 4 and OPI 8 and an order of magnitude increase in resistance upon 

inserting a cyclohexyl group is what we might qualitatively expect. 

On the other hand, according to Figure 4.12, addition of the second saturated unit 

changes the resistance only by a factor of 4 (that is, RCB3,5-OPI 6/RCB5-OPI 6 is ~4). This again 

A B

C D
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demonstrates the larger impact of the first spacer on conductance of the wire. Moreover, 

the resistances of CB3-OPI 6 and CB5-OPI 6 wires are essentially the same which suggests 

that resistance is less sensitive to the position of the cyclohexyl group within the wire. 

Collectively, the data in Figures 4.11 and 4.12 suggest a physical picture in which one CB 

unit produces a significant bottleneck to transport in the wires. Hopping across the CB unit 

is the rate limiting transport step in CB3-OPI 6 and CB5-OPI 6. On the other hand, one 

might naively predict that the low bias resistance of CB3,5-OPI 6 would be twice that of 

CB3-OPI 6 or CB5-OPI 6. The ratio of resistances (2 × 1011/5 × 1010) = 4 is reasonably 

close to that prediction. However, it is not really obvious what the scaling should be with 

the number of CB units. We will return to this point later. 

Temperature Dependence of Resistance. To investigate the transport mechanism, 

the temperature dependence of the resistance was measured for CB-OPI 6 wires. It has 

been inferred previously that the dominant charge transport mechanism for long OPI wires 

(OPI 6 or longer) is hopping.31 The resistance of the molecular junction (R) in the hopping 

regime can be described by Equation 4.2: 

                           𝑅 = 𝑅0 + 𝛼(𝐿 − 𝐿0) = 𝑅0 + α∞exp (
𝐸a

𝑘𝐵𝑇
) (𝐿 − 𝐿0)                        (4.2) 

where R0 is the contact resistance, α = α∞exp (
𝐸a

𝑘𝑇
) is a molecule specific prefactor with 

units of resistance per unit length, L is the molecular length, L0 is the length at which 

hopping begins, kB is the Boltzmann constant, Ea is the activation energy for hopping, and 

T is the temperature. 

An Arrhenius plot of log (R) versus (1/T) is shown in Figure 4.14. Clearly, all of  
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Figure 4.14 Arrhenius plot for OPI 6, CB3-OPI 6, CB5-OPI 6 and CB3,5-OPI 6 wires. 

Each data point is the average of low bias resistance from 100-200 I-V traces obtained at 6 

different locations on the sample in the range of -0.2 to 0.2 V. Error bars represent one 

standard deviation. Straight lines are the linear fits to data and activation energy was 

calculated from the slope of each line. 

 

the wires display strong thermally activated transport, which is characteristic of hopping 

as discussed above. This plot also shows that for all the measured temperatures, the 

resistances of CB-OPI 6 wires trend as: CB3,5-OPI 6 > CB3-OPI 6 ~ CB5-OPI 6 > OPI 6. 

According to Figure 4.14, the activation energies are in the range of 0.18-0.26 eV. For the 

three CB-OPI 6 wires in particular, the values are quite close and variation is only about 

0.03 eV. Nevertheless, a striking observation is that the activation energy for hopping is 

highest for the fully conjugated OPI 6, and lower for all of the conjugation-broken analogs, 



80 

 

i.e., the activation energy follows a trend opposite the resistance, namely OPI 6 > CB3-

OPI 6 ~ CB5-OPI 6 > CB3,5-OPI 6. 

Mechanism of Charge Transport. DFT calculations provide opportunities to 

understand the microscopic charge transport mechanisms in molecular wires.31,44,90,171 For 

the radical cation species of OPI 6 and CB-OPI 6, the presence of charge in a particular 

region of the molecule is represented by spin density on that same part of the system. 

During the transport process, charge (and associated spin) is sequentially localized over 

different parts of the system and these distinct localizations represent different stationary 

polaronic states of the radical cation species of OPI 6 and CB-OPI 6 wires. With DFT 

calculations one can explore optimized structures of those charge-localized states (on a 

ground-state PES having multiple minima) and also identify intermediate transition state 

structures that are involved in the nuclear geometry changes that are coupled with the 

transport process from one charge-localized state to another. First we examined the charge-

localized structures of OPI 6+.
, for which three charge-localized minima (OPI 6A+.

, 6B+.
, 

6C+.
) were found in the absence of any external bias potential, Figure 4.15A. OPI 6C+.

 is 

the most stable with spin density mostly localized on the last five rings. In OPI 6B+.
, spin 

density is delocalized over the first five rings with greater amplitudes away from the 

thiolate terminus compared to the third minimum, OPI 6A+.
, in which

 
the spin density is 

localized over first three rings. OPI 6B+. and OPI 6A+.
 are 0.05 eV and 0.12 eV higher in 

energy, respectively, than OPI 6C+.
. A transition state (OPI 6-TS1+.

) connects the two 
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charge-localized structures OPI 6A+. and OPI 6B+. 
and the reaction coordinate corresponds 

to a twisting of the dihedral angle between two intermediate phenyl rings with an associated  

 

Figure 4.15 Charge/spin densities and relative energies of charge-localized polaron 

structures and the TS structures connecting them for (A) OPI 6+.
, (B) CB3-OPI 6+.

, (C) 

CB5-OPI 6+.
, and (D) CB3,5-OPI 6+.

 wires. [Calculations performed by Ghosh et al.] 

 

imaginary frequency of 52i cm-1. A similar transition state (OPI 6-TS2+.
) was also found 

for the transfer of charge from OPI 6B+.
 to OPI 6C+.

 with an imaginary frequency of 38i 

cm-1 again corresponding to torsional vibrations. None of the minimum energy structures 

show complete delocalization of spin density over the entire wire. This is a clear indication 

that charge transport in OPI 6+.
 is expected to happen through a multistep hopping process 
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of polaronic charge carriers. This computational result is consistent with our temperature 

dependent resistance experiments (Figure 4.14). 

Like the OPI 6+.
 wire, the CB-OPI 6+.

 wires also show localization of spin/charge 

density, but the zero-bias energy differences between polaronic states are predicted to be 

larger than in the case of the OPI 6+.
 wire (Figures 4.15B, 4.15C, and 4.15D). Interestingly, 

delocalization of spin is completely disrupted by the cyclohexyl spacer in all three 

conjugation-broken wires. The energy differences between the polaronic states (only two 

such states, at opposite ends of the wire, are found in every instance) are 0.16 eV, 0.46 eV, 

and 0.38 eV, in CB3-OPI 6+.
, CB5-OPI 6+.

, and CB3,5-OPI 6+.
, respectively. For CB3,5-

OPI 6+.
, the central phenyl ring connecting the two cyclohexyl spacers does not have any 

spin density localized upon it in either minimum energy structures or in the TS structure, 

and all attempts to force charge localization onto this isolated aromatic ring failed. This 

suggests that this phenyl ring may not play any direct role in the hopping process.  

TS structures connecting the charge-localized states of the various CB-OPI 6+.
 

wires were also found. The activation energies associated with the TS structures for CB3-

OPI 6+.
, CB5-OPI 6+.

 and CB3,5-OPI 6+. are 0.28 eV, 0.49 eV, and 0.50 eV, respectively. 

Interestingly, unlike the two TS structures fostering polaronic hopping along the OPI 6+.
 

wire, the reaction coordinates for the transition states in the CB-OPI 6+.
 wires do not 

involve inter-aromatic torsional motion, but instead involve multiple C=C and C=N 

stretching vibrations that transpose local aromatic and quinoidal structures, the latter being 
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associated with charge localization. Given that change, the imaginary frequencies are 

expectedly much higher for the CB-OPI 6+.
 wires compared to OPI 6+.

: 1049i cm-1, 1217i 

cm-1, and 531i cm-1, for CB3-TS+.
, CB5-TS+.

 and CB3,5-TS+.
, respectively (cf. Figures 

4.15B, 4.15C, and 4.15D) versus 52i cm-1 and 38i cm-1 respectively for OPI 6-TS1+.  and 

OPI 6-TS2+.
. Thus, theory predicts (i) the activation energy for hopping should be higher 

for the CB-OPI 6+.
 wires than for OPI 6+.

; (ii) that the activation energy should depend on 

the position of cyclohexyl spacer in the molecular wire (although it is important to recall 

that these are zero-bias values) and (iii) that the reaction coordinates correspond to C=C 

and C=N stretches rather than torsional vibrations for CB-OPI 6 wires. 

At first glance, these computational results appear to be inconsistent with our 

experimental observations in that they predict a trend in Ea that is opposite to what we 

measure. However, we propose a possible resolution for the discrepancy between measured 

and computed Ea values. As shown in Figure 4.1, an alternative pathway for the polaron to 

hop is to tunnel through the potential barrier rather than going over it. This process can be 

thermally assisted, but its overall temperature dependence is lower than classical hopping, 

which leads to a smaller apparent (or “effective”) activation energy (Ea’ < Ea). Hence, the 

lower measured activation energies for the CB-OPI 6 wires compared to the computed 

semiclassical values may be an indication of polaron tunneling. Moreover, as is well 

known172,173, tunneling probability increases along reaction coordinates having narrower 

barrier widths (i.e., having larger imaginary frequencies for their associated TS structures). 

Thus, the larger imaginary frequencies for the CB-OPI 6+• wires are consistent with a 

higher propensity for nuclear tunneling contributions to the overall rate. We therefore 
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suggest that charge transport in the CB-OPI 6+• wires involves a combination of over-

barrier polaron hopping and thermally-assisted tunneling. 

There are however a number of additional aspects about the transport mechanism 

that remain unclear at this time. The CB3,5-OPI 6 wire results illustrate this well. 

Computation suggests the central aromatic ring between the two cyclohexyl spacers plays 

no role in the transport. However, if that is the case, then a polaron must hop (tunnel) across 

two cyclohexyls and the phenyl ring to traverse the wire and that jump is roughly 3 times 

further than the hop across the single cyclohexyl in CB3-OPI 6 or CB5-OPI 6. Given the 

general exponential dependence of tunneling on length, one might anticipate a very large 

increase in resistance of the CB3,5-OPI 6 wire relative to CB3-OPI 6 or CB5-OPI 6. Yet, 

the increase in resistance is only a factor of 4. Thus, the picture of transport in CB3,5 or 

any of the other wires, for that matter, is not fully resolved. 

Another consideration is the role of intermolecular interactions. Polarons could 

potentially be stabilized by delocalization onto adjacent molecules. The DFT calculations 

considered only isolated wires. Further work will aim to address intermolecular effects 

both computationally and experimentally. 

Despite these uncertainties, there are clear opportunities to gain a better 

understanding of intramolecular polaron transport over truly microscopic length scales 

(nanometers) by combining molecular synthesis, nanotransport measurements, and 

quantum chemical calculations.  
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4.5 Conclusion 
 

We have designed and grown CB-OPI 6 wires to study the impact of saturated 

spacers on transport characteristics of conjugation-broken molecular wires in the hopping 

regime. We have observed that the resistance of wires increases as more cyclohexyl units 

are incorporated into the wire backbone (and as a result, wires become less conjugated). 

However, moving the spacer to a different position along the molecular chain does not 

significantly affect the resistance. We have found that the activation energy for charge 

transport is about 0.20 eV for three different CB-OPI 6 wires, which is lower than that of 

the fully conjugated OPI 6 wire (0.26 eV). By contrast, corresponding semiclassical 

activation energies computed from density functional theory are higher for the conjugation-

broken wires than for the fully conjugated case. Analysis of transition-state structures for 

charge transport in the conjugation-broken vs. fully conjugated systems suggests that 

tunneling will contribute more to rates in the former than in the latter, leading to a reduction 

in the apparent activation energies for the conjugation-broken systems. That is, we predict 

that the mechanism of charge transport in the conjugation-broken systems is a combination 

of over-barrier polaron hopping and thermally-assisted polaron tunneling. Future work 

with isotopically labeled sub-units may help clarify the importance of the nuclear tunneling 

contribution. The combination of theory and experiment like that described here offers 

promising opportunities for further understanding the details of microscopic charge 

transport mechanisms in conjugated molecules. 
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5 Photoswitchable Molecular Wires for Hopping 

Transport Based on Dithienylethene Moiety 

 

5.1 Abstract 
 

We report the synthesis and electrical characterization of photoswitchable π-

conjugated molecular wires. The wires were designed based on the previously reported 

oligophenyleneimine (OPI) wires31 with a slight modification to incorporate the 

dithienylethene linker (the "photoswitch") into the wire backbone (e.g. PS3-OPI 5; PS 

stands for the photoswitch, and the number following  “PS’’ indicates its position within 

the OPI chain). Stepwise aryl imine condensation reaction between 1,4-diaminobenzene 

and terephthalaldehyde (1,4-benzenedicarbaldehyde) was employed to grow these wires 

from Au surfaces. To insert the "photoswitch" into the wire, 1,4-diaminobenzene was 

replaced with perfluoro-1,2-bis(2-(4-aminophenyl)-5-methylthien-4-yl) cyclopentene (PS) 

at specific steps during the wire growth. A variety of surface characterization techniques 

were employed to investigate the structure of the wires including FT-IR spectroscopy, 

ellipsometry, cyclic voltammetry (CV), X-ray photoelectron spectroscopy (XPS), and UV-

Vis spectroscopy. The current-voltage (I-V) characteristics and resistances of the wires 

were acquired using conducting probe atomic force microscopy (CP-AFM). It was 

observed that all of the wires switch between high and low conductance modes (“ON” and 

“OFF” states corresponding to “Closed” and “Open” forms of the dithienylethene linker, 

respectively) when irradiated by UV and visible light, respectively. Measuring the 

temperature dependence of the resistance revealed that the charge transport mechanism in 

the PS3-OPI 3 wire is tunneling (temperature independent) whereas longer PS3-OPI 5 and 
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PS5-OPI 5 showed Arrhenius temperature dependence which is characteristic of a hopping 

mechanism. These experiments demonstrate light-based control of transport in molecular 

wires in the hopping regime, which ultimately may be useful for switching applications in 

molecular electronics. 

5.2 Introduction 
 

Photochromism is a well-known phenomenon which was discovered in the 19th 

century by Fritsche,174 Meer175 and later by Markwald.176 It is defined as a reversible 

transformation of a compound between two states having different absorption spectra (and 

hence different colors) when irradiated by light of a certain wavelength.177 The other 

properties that can undergo a change upon this photoisomerization include refractive index, 

dielectric constant, electrochemical properties, and conductivity. Tuning the conductivity 

by means of light is of particular interest and has motivated a large amount of research to 

make molecular photoswitches based on photochromic molecules.39,178–186 Diarylethenes 

are among the molecules that have been extensively investigated for optical switching 

applications39,42,53,179,181,182,187–199 due to their excellent properties such as the thermal 

stability and fatigue-resistance of both isomers, high reversibility of the photoisomerization 

process, short response times, and high quantum yields.42,53,187,189–191,200The photo-induced 

transformation between the two isomers is depicted in Figure 5.1. In the “Open’’ form, the 

steric crowding between the two methyls prevents the thiophenes and the double bond of 

the cyclopentene from being coplanar. Thus there is no conjugated path between the two 

thiophenes and they are electrically disconnected. Therefore, the “Open” form corresponds 

to the “OFF” state of the switch. Upon irradiation with UV light, photocyclization occurs 
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and conjugation now extends throughout the entire molecule. The “Closed” form thus 

corresponds to the “ON” state of the switch. 

 

Figure 5.1 Dithienylethene photoswitch in the open (left) and closed (right) forms. The 

open and closed forms correspond to OFF and ON states of the switch, respectively. Ring-

closure can be induced by UV light, and the reverse ring-opening reaction can be triggered 

by visible light. 

 

Investigating the transport characteristics of photochromic molecules immobilized 

on a surface is intriguing because it can provide an approach toward making solid state 

photoswitches. Several studies have reported electrical characterization of photoswitchable 

molecular junctions using conductive probe techniques (STM and CP-

AFM),178,185,190,191,201,202  

STM break-junctions,203 mechanically controllable break-junctions (MCBJ),204 

graphene junctions,195 and carbon nanotube (CNT) junctions.188 Although these 

experiments have led to fundamental understanding of photochromism at the nanoscale, 

they are all limited to the tunneling regime. Hopping transport, which can be much more 

efficient for long molecules, has remained almost unexplored.  

Herein we present the synthesis and electrical characterization of photoswitchable 

molecular wires (PS-OPI wires) for tunneling and hopping transport regimes. As depicted 
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in Figure 5.2, the structure of these wires consists of a dithienylethene linker (PS) 

embedded in a conjugated oligophenyleneimine (OPI) backbone.  

PS-OPI wires were grown on Au surfaces from 1,4-diaminobenzene, 

terephthalaldehyde, and perfluoro-1,2-bis(2-(4-aminophenyl)-5-methylthien-4-yl) 

cyclopentene (photochromic linker in its diamine form, H2N-PS-NH2) using the stepwise 

imine condensation reaction that has been shown to be a versatile method for growing a 

variety of conjugated molecular wires via imine bonds.31,44,69,121,122 Current-voltage (I-V) 

characteristics of closed and open forms of PS-OPI wires were 

 

Figure 5.2 Structure of PS3-OPI 3, PS3-OPI 5, and PS5-OPI 5 molecular wires. The blue 

filled rectangles represent the photochromic linker. 
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measured by CP-AFM. We have observed conductance switching behavior for all three 

wires. Moreover, we have found that ON/OFF ratios for PS-OPI wires are similar (~6-8). 

To elucidate the transport mechanism, the temperature dependence of the resistance was 

investigated for the wires. These measurements revealed that the dominant transport 

mechanism for PS3-OPI 3 is tunneling (temperature independent) whereas PS3-OPI 5 and 

PS5-OPI 5 are in the hopping transport regime (Arrhenius temperature dependence). This 

indicates that there is a transition from tunneling to hopping as wires get longer, consistent 

with previous reports on conjugated systems.31,68,89,121,122 

To our knowledge, this is the first study of its kind to explore photoswitchable 

molecular wires in both tunneling and hopping transport regimes and our findings provide 

new information on the charge transport characteristics of these systems. 

5.3 Experimental  
 

Materials. Au nuggets (99.999%) were purchased from Mowrey, Inc (Saint Paul, 

MN). Cr evaporation rods and evaporation boats were obtained from R. D. Matthis (Long 

Beach, CA). Si (100) wafers were obtained from WaferNet (San Jose, CA). Contact mode 

AFM tips (DNP silicon nitride probes) were purchased from Bruker AFM Probes 

(Camarillo, CA). Photochromic perfluoro-1,2-bis(2-(4-aminophenyl)-5-methylthien-4-yl) 

cyclopentene was synthesized according to the literature. 195Absolute ethanol was obtained 

from Fisher Scientific. All other chemicals were purchased from Sigma Aldrich 

(Milwaukee, WI) and used as received. Dry acetonitrile was stored in glovebox prior to 

use. 
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Preparation of Au substrates and AFM probes. Molecular wires were grown on 

Au substrates. Substrates for reflection-absorption infrared spectroscopy (RAIRS), 

ellipsometry, XPS, and cyclic voltammetry (CV) were prepared by depositing 5nm of Cr 

(as the adhesion layer) followed by 50 nm of Au on Si in a home-built thermal evaporator 

at a rate of 1.0 Å/s and a base pressure of 5 x 10-7 Torr. Atomically smooth Au substrates 

for CP-AFM measurements were prepared by the template-stripping method.104 In this 

method, silicon chips (about 1 cm x 1 cm in size) were glued to 500 nm thick Au film on 

Si wafer (with no adhesion layer) and cured in the oven at 120 °C for about 1.5 h. The chips 

were then peeled off by a razor blade to obtain a flat Au surface. Silicon nitride (Si3N4) 

AFM probes were coated by 5 nm of Cr followed by 50 nm of Au in a thermal evaporator 

as described above. 

Stepwise growth of molecular wires. PS-OPI molecular wires were prepared by 

the stepwise imine condensation reaction.31,121,122 The first step involves immersing freshly 

prepared Au substrates for 18-24 h in N2 purged 1 mM solution of 4-aminothiophenol (4-

ATP) in absolute ethanol to form a self-assembled monolayer (SAM) on the surface. After 

removing the samples from the solution, they were thoroughly rinsed with ethanol and 

soaked for half an hour in ethanol to remove any physisorbed molecules. The samples were 

then immersed in 20 mM terephthalaldehyde solution in ethanol for 20-24 h to form imine 

bonds. Then the samples were removed from the solution, rinsed and soaked in ethanol and 

the same procedure was followed with a 20 mM solution of 1,4-diaminobenzene in ethanol 

or 5 mM solution of H2N-PS-NH2 in methanol at 40 °C to promote the formation of imine 

bonds. This procedure was repeated until the desired length was reached. 
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Characterization of SAMs. SAMs of PS-OPI molecular wires were extensively 

characterized by reflection-absorption Fourier transform infrared spectroscopy (RAIRS), 

X-ray photoelectron spectroscopy (XPS), cyclic voltammetry (CV), ellipsometry and UV-

Vis spectroscopy. 

RAIRS was used to monitor the stepwise growth of the molecular wires on the 

surface. The measurements were taken with a Nicolet Series II Magna-IR System 750 FTIR 

with a Harrick Seagull accessory for grazing incidence specular reflectance measurements. 

The incident angle of the IR beam was set to 84° with respect to the surface normal. A total 

of 1000 scans were obtained for each sample at a resolution of 2.0 cm-1. 

Ellipsometry was employed to determine the thickness of the monolayers. 

Measurements were taken on a VASE spectroscopic ellipsometer (J. A. Woollam Co., 

Inc.). Polarization angles (Ψ and Δ) were measured as a function of wavelength (λ) from 

600 to 1000 nm at an incident angle of 65o. Polarization angles were first measured on bare 

Au substrates at three different spots prior to the formation of the initial SAM. The 

measurements were then repeated at the same spots after the molecular wires were grown. 

The extinction coefficients (k(λ)) and the indices of refraction (n(λ)) of SAM were assumed 

to be 0 and 1.45 respectively over the range of 600-1000 nm. Thicknesses were calculated 

by the iterative algorithm built into the software.  

XPS spectra were taken using an SSX-100-XPS system (Surface Science) with a 

monochromatic Al Kα X-ray source (1486.3eV) and a hemispherical analyzer in an 

ultrahigh vacuum (<10-9 Torr) system. The X-ray anode was operated at 200 W. The pass 

energies for survey and high-resolution scans were set to 150 and 50 eV, respectively. The 

binding energies were referenced to the Au 4f7/2 peak (84.0 eV). 
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Cyclic voltammetry (CV) experiments were performed on ferrocene-capped PS-

OPI wires to determine the surface coverage of the SAMs. An O-ring (1 cm diameter) was 

placed between the monolayer-coated Au substrate and a three-neck electrochemical cell 

with a hole at the bottom. In this setup, Au substrate served as the working electrode. An 

Ag wire was used as the reference electrode and the counter electrode was a Pt wire. The 

electrolyte was 0.1 M solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in 

deoxygenated anhydrous acetonitrile. The surface coverage (Γ) can be calculated according 

to Equation 5.1: 

                                                             𝛤 = 𝑄/𝑛𝐹𝐴                                                    (5.1)                                                                       

where Q is the charge injected into the SAM that was obtained by integrating the area under 

the oxidation peak in the forward direction of the cyclic voltammogram, n is the number 

of electrons involved in the electron-transfer process, F is the Faraday constant, and A is 

the surface area of the monolayer-coated substrate exposed to the electrolyte and is defined 

by the area inside the O-ring.  

UV-Vis absorption spectra of PS-OPI molecular wires were taken from 350-900 

nm at 1.0 nm resolution using a Spectronic GENESYS-5 UV-Visible spectrophotometer. 

Semitransparent Au substrates were prepared by depositing 20 nm thick Au films on 

polystyrene UV cuvettes in a thermal evaporator. Molecular wires were then grown on the 

Au films as described earlier. 

Electrical measurements. CP-AFM was employed to study the current-voltage (I-

V) characteristics of the wires. To form metal-molecule-metal junctions, an Au-coated 

AFM probe was brought into contact with the film of molecular wires. In order to fully 
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switch the wires to ON or OFF state on the surface, the substrates were irradiated for 30 

min with a hand-held UV lamp (254 nm) or a white halogen lamp, respectively prior to the 

measurements. I-V measurements were performed with a customized Multimode AFM 

(Bruker) housed in an Ar filled glove box (O2 < 5ppm). The conventional AFM head with 

the red laser diode (680 nm) was replaced with a head equipped with an IR laser diode (900 

nm) to prevent the photoisomerization of molecules on the surface during the 

measurements. AFM tips giving similar resistances (about 1GΩ) for tunneling through a 

nonanethiol monolayer (an effective calibration standard) were pre-selected before each 

measurement. Every reported I-V curve represents an average of 150 traces collected over 

5 different locations on the sample (30 traces at each location with no data selection). 

Temperature dependence of the resistance was examined for PS-OPI wires using 

an environmentally controlled Molecular Imaging PicoScan/PicoSPM in the range of -20 

°C (253 K) to 65 °C (338 K) at < 1% relative humidity. To vary the temperature of the 

sample below and above the room temperature, a Peltier cooling stage and a normal heating 

stage were used. I-V measurements were performed in a bias window of ±0.4 V at 5 

different spots on the sample and resistances were calculated from the slope of the fitted 

line to the low bias (±0.2 V) portion of the I-V traces. At each spot, 33-34 I-V traces were 

collected and resistances were determined. Typically, 2-3 of these traces (~6-9%) were not 

taken due to the very low current levels that make them indistinguishable from the 

instrumental noise. The filtered resistances were then averaged over all locations (a total 

of 150 resistances). Unlike the higher bias measurements, we were only able to perform 

variable temperature measurements on the open form of PS-OPI wires since the molecular 

imaging instrument was not equipped with an IR laser diode. 
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 A compressive load of 2 nN was applied in all of the measurements to make a 

reproducible soft contact.165 

5.4 Results and Discussion 
 

Growth and Characterization of Molecular Wires. As discussed above, 

stepwise imine condensation was employed to grow the PS-OPI molecular wires on Au 

surfaces. This method is illustrated in Figure 5.3 for the PS5-OPI 5 wire. The first step  

 

Figure 5.3 (A) Stepwise growth of PS5-OPI 5 molecular wire on Au substrate. The 

photochromic linker is inserted into the wire backbone at the last step. (B) RAIRS spectra 

of the wires shown on the left. Dashed lines specify the positions of the imine stretches 

(C=N, 1620 cm-1), and carbonyl stretches (C=O, 1704 cm-1). 
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involved the chemisorption of 4-aminothiophenol (4-ATP) on the Au surface. The imine 

bonds were then formed by alternate addition of terephthalaldehyde and 1,4-

diaminobenzene. Replacing the1,4-diaminobenzene with H2N-PS-NH2 in the growth 

process enabled us to incorporate the photochromic linker into the conjugated chain. Wire 

growth was monitored by RAIRS. The alternative appearance and disappearance of  

 

Figure 5.4 RAIRS data for the stepwise growth of the PS3-OPI 5 molecular wire on gold. 

Dashed lines specify the positions of the imine stretches (C=N, 1620 cm-1), and carbonyl 

stretches (C=O, 1704 cm-1). 

 

carbonyl stretches (1704 cm-1) as depicted in Figure 5.3B indicated that the imine 

formation reaction proceeded to near completion on the surface. Imine stretches (1620 cm-
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1) and aromatic ring modes (1470-1500 cm-1) were also be observed consistent with growth 

of molecular wires on the Au surface. The RAIRS data for the stepwise growth of the PS3-

OPI 5 wire are shown in Figure 5.4. 

             PS-OPI wires were also characterized by ellipsometry, cyclic voltammetry (CV), 

XPS, and UV-Vis spectroscopy. It should be noted that all of the characterizations were 

done on the open form of the wires. A summary of the key results is given in Table 5.1. 

Monolayer thicknesses were measured by ellipsometry after each step of the wire growth. 

Figure 5.5 illustrates the thickness data for the PS5-OPI 5. The good match between the  

 

Figure 5.5 Ellipsometry data for stepwise growth of the PS5-OPI 5 molecular wire. 

Thicknesses were predicted using Cambridge ChemBio 3D Ultra software assuming a 

vertical orientation of the wire. 
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measured and predicted thicknesses confirms that wires grow longer after every reaction 

step, as expected. Also note that the relative increase in thickness is much more dramatic 

at the last step of the growth because the H2N-PS-NH2 is significantly longer than the other 

monomers. The observed difference between the predicted and the measured thicknesses 

(the former assumes an upright orientation) for the longest wires can be attributed to a tilt 

(~30° with respect to the surface normal for the PS5-OPI 5 wire) in the wires. 

             Cyclic voltammetry (CV) was employed to determine the surface coverages (Γ) of 

the wires. In order to do this, PS-OPI wires were first reacted with terephthaldehyde and 

then terminated with aminoferrocene (FcNH2). This allowed the incorporation of a well-

defined redox center (ferrocene) into the wires that can be readily characterized by CV. 

The structure of ferrocene-capped PS3-OPI 4 wire (PS3-OPI 4_Fc) is depicted in Figure 

5.6A. Cyclic voltammograms of the three ferrocene-capped wires recorded at a sweep rate 

of 500 mV/s are compiled in Figure 5.6B (cyclic voltammograms obtained at multiple 

sweep rates are given in Figure 5.7). 

Table 5.1 The surface characterization results for PS-OPI wires.a 

Monolayer Predicted 

Thickness 

(nm) 

Measured film 

Thickness 

 (nm) 

Surface 

Coverage 

 

(molecules/nm2) 

Eg  

(eV) 

PS3-OPI 

3 

3.3 3.2 ± 0.1 0.30 ± 0.03  1.64  ± 0.08 

PS3-OPI 

5 

4.4 4.2 ± 0.1 0.60 ± 0.06 1.61 ± 0.08 

PS5-OPI 

5 

4.5 4.3 ± 0.1 0.60 ± 0.06 1.66 ± 0.08 

a Predicted thicknesses were calculated by Cambridge ChemBio 3D Ultra software assuming a vertical 

orientation of the wire. Surface coverages were determined from the cyclic voltammograms of the ferrocene-

terminated wires obtained at a sweep rate of 500 mV/s (Figure 5.6B). Optical gaps (Eg) were deduced from 

the onset of absorption peak in the UV-Vis spectrum (Figure 5.9).   
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A reversible oxidation peak is observed for each wire which can be ascribed to the 

ferrocene unit. Surface coverages were determined by integrating the area under the 

oxidation peak  

 

Figure 5.6 (A) Structure of PS3-OPI 4_Fc. The blue filled rectangle represents the PS 

linker. (B) Cyclic voltammograms of ferrocene-terminated PS-OPI wires in 0.1 M 

Bu4NPF6/CH3CN. The counter and reference electrodes were Pt and Ag wires, 

respectively. Potentials were referenced to ferrocenium/ferrocene (Fc+/Fc). Sweep rate was 

500 mV/s. 

 

in the forward sweep (Equation 5.1) and are given in Table 5.1 (sweep rate of 500 mV/s). 

Demissie et al. has recently reported that the yield of the ferrocene-capping step is 

only ~50% for OPI molecular wires.169 That is, the true surface coverage of these wires 

should be about  
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Figure 5.7 Cyclic voltammograms of (A) PS3-OPI 4_Fc, (B) PS3-OPI 6_Fc, and (C) 

PS5-OPI 6_Fc molecular wires collected at different sweep rates. 

 

twice as much as that obtained from CV (i.e., the number of Fe atoms on the surface). If 

we assume that a similar situation exists in the case of PS-OPI_Fc wires, then the surface 

coverages given in Table 1 should be corrected by a factor of 2 to account for the 

incomplete reaction of FcNH2 with the wires. This leads to surface coverages of around 
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0.60-1.20 molecules/nm2 for PS-OPI_Fc wires which are significantly lower than the 

average value of 3.90 molecules/nm2 reported for OPI_Fc  

 

Figure 5.8 X-ray photoelectron spectrum of F 1s core level for the (A) PS3-OPI 3, (B) 

PS3-OPI 5, and (C) PS5-OPI 5 molecular wires. 

 

wires.169 This can probably be attributed to the structural disorder caused by the relatively 

large and bulky dithienylethene unit. Moreover, according to Table 5.1, surface coverage 

of PS3-OPI 4_Fc wire is half of the other two wires. We will come back to this later on for 

analyzing the I-V data.                                                                                                                                                                                                                                            
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The perfluorated cyclopentene ring of the PS linker makes it a good tag to be 

characterized by XPS. Figure 5.8 depicts the high-resolution XPS spectrum of F 1s core 

level for the PS-OPI molecular wires. These results further confirm that the dithienylethene 

unit has been inserted into the wires during the stepwise growth. 

 

Figure 5.9 UV-Vis absorption spectra of the PS-OPI molecular wires. The curves are offset 

in Y direction for clarity. The onset of absorption, indicated by dashed line, was determined 

for each curve from the intersection of the two solid lines as depicted above. 

 

Electrical Characterization of PS-OPI wires. CP-AFM was employed to 

investigate the charge transport properties of PS-OPI wires in their open and closed forms. 

This technique has been widely employed to measure the I-V characteristics of many 
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different molecular wires18,26,29,31,44,56,70,89,90,121,122,145,151,205,206 including the 

photoswitchable ones.178,190 Figure 5.10 displays the I-V plots of the three PS-OPI 

molecular junctions. Measurements were first performed on the OFF state (open form) of 

the wires which were obtained by illuminating the sample with a bright source of white 

light for 30 min as discussed above. Then the wires were switched to the ON state (closed 

form) under UV irradiation (254 nm) and the measurements were repeated. Finally, PS-

OPI wires were switched backed to the OFF state and I-V characteristics were measured 

again. We refer to these consecutive states as OFF_1, ON_2, and OFF_3, respectively.  

 

Figure 5.10 Semilog I-V plots of Au/PS-OPI/Au junctions measured by CP-AFM for three 

succeeding states of the wires (see the discussion above). Each curve is an average of 150 

traces collected over 5 different locations on the sample at room temperature. 

 

According to Figure 5.10, all of the wires clearly demonstrate the switching 

behavior which was initially predicted. Moreover, this process is reversible. The largest 

difference between the current levels of the ON and OFF states was observed for PS5-OPI 

5.  

Figure 5.11 depicts the low bias resistances corresponding to the plots shown in 

Figure 5.10. These values were calculated from the slope of the linear fit to the I-V data in 

the bias window of ±0.2 V. The change in resistance upon irradiation with UV or visible 
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light is evident for all of the junctions. This is consistent with the observed trend for the 

high bias curves. ON/OFF ratios for OFF_1ON_2 and ON_2OFF_3 (e.g. ROFF_1/RON_2 

and ROFF_3/RON_2, respectively) transitions for the three PS-OPI molecular wire junctions 

are given in Table 5.2. 

 

 

Figure 5.11 Low bias resistances of Au/PS-OPI/Au molecular junctions corresponding to 

OFF_1, ON_2, and OFF_3 switching states at room temperature. Each data point 

represents an average of 150 low bias resistances extracted from the I-V traces in the range 

of -0.2 V to 0.2 V. Error bars represent one standard deviation. 

 

As one can see, the ON/OFF ratios for PS-OPI wires are quite similar and do not seem to 

be a function of the wire length or the position of PS linker within the conjugated chain.  

Table 5.2 ON/OFF ratios of the PS-OPI molecular wire junctions calculated for OFF_1 

ON_2 and ON_2 OFF_3 transitions. 

Monolayer ROFF_1/RON_2 ROFF_3/RON_2 

PS3-OPI 3 6.6 ± 0.8 3.0 ± 0.5 

PS3-OPI 5 7.5 ± 0.9 8.6 ± 1.1 

PS5-OPI 5 8.3 ± 1.2 5.8 ± 0.8 
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Temperature Dependence of Resistance. To further investigate the charge 

transport mechanism in PS-OPI wires, low bias resistances were measured for the open 

forms (ON_1 state) over the temperature range of 253 K to 338 K. Semilog plots of  

 

Figure 5.12 Semilog plots of resistance versus inverse temperature for PS-OPI wires (open 

form). Each data point is an average of 150 low bias resistances (calculated from the ±0.2 

V bias window of I-V traces) collected at 5 different locations on the sample. Error bars 

represent one standard deviation. Straight lines are the linear fits to data and activation 

energies were determined from the slope of each line. 

 

resistance versus inverse temperature (log R vs 1/T, the Arrhenius plot) are given in Figure 

5.12. It is well known that tunneling mechanism is almost temperature independent, 

whereas an Arrhenius-type temperature dependence (linear correlation between log R and 

1/T) is characteristic of a hopping mechanism.69 
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According to Figure 5.12, the resistance of the PS3-OPI 3 wire does not 

significantly change over the measured temperature range (the plot is almost a flat line) 

while PS3-OPI 5 and PS5-OPI 5 wires exhibit clear Arrhenius behavior. These results 

indicate that for the short PS3-OPI wire, the transport is dominated by tunneling whereas 

for the longer PS3-OPI 5 and PS5-OPI 5 wires, the hopping mechanism prevails. This 

transition from tunneling to hopping with increasing molecular length is a well-known 

phenomenon and has been observed for many different systems as well as the OPI 

wires.31,68,89,90,121,122 The data shown in Figure 5.12 also reveal some other interesting 

trends. First, the PS3-OPI 5 wire is more resistive than PS5-OPI 5 wire. In other words, 

moving the PS linker to the middle of the wire enhances the conductivity by a factor of ~2 

(at the lowest temperature) to ~6 (at the highest temperature). Moreover, the activation 

energy of hopping (obtained from the slope of the linear fit to the data) for PS3-OPI 5 wire 

(0.24 eV) is larger than PS5-OPI 5 wire (0.17 eV). These activation energies (~0.20 eV) 

are comparable to our previous results.1 Also note that the room temperature resistances 

for the ON_1 state of the PS-OPI wires depicted in Figure 5.11 are slightly different (higher 

by less than a factor of two) from those shown in Figure 5.12. We attribute this discrepancy 

to the different experimental conditions for these two sets of measurements including the 

AFM instrument and environmental parameters such as humidity. 

As mentioned earlier, the surface coverage of the PS-OPI 3 wire was two times 

lower than the other wires. However, in order to compare the resistance of different 

junctions, the number of molecules in the junction should be kept constant (since the 

conductance and hence the current is proportional to the number of molecules). Therefore, 

the resistance of the PS3-OPI 3 wire should be divided by two to compensate for the lower 
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surface coverage. This correction would affect the data shown in Figures 5.10, 5.11, and 

5.12 so that the resistance of the PS3-OPI 3 wire would decrease. 

5.5 Conclusion 
 

In summary, we have designed and grown a set of π-conjugated molecular wires 

that incorporate a PS linker to investigate the light-switching of conductance in tunneling 

and hopping transport regimes. DC electrical measurements have been carried out by CP-

AFM and all of the molecular wire junctions exhibit a reversible conductance switching. 

We have found that the ON/OFF ratios are quite similar and are not significantly affected 

by the length of the wire or the position of the photochromic linker within the wire. 

Measuring the temperature dependence of resistances for the PS-OPI wires in their OFF 

state (corresponding to the open form of the PS linker) reveals that the dominant charge 

transport mechanism for the short PS3-OPI 3 wire is tunneling while the longer PS3-OPI 

5 and PS5-OPI 5 wires are in the hopping transport regime. Moreover, we have observed 

that for the longer wires, moving the photochromic linker along the molecular backbone 

has an appreciable impact on the resistance and the activation energy of hopping. More 

importantly, the PS3-OPI 5 and PS5-OPI 5 wires described here are the first reported 

photoswitchable molecular wires in the hopping transport regime. Overall, our results show 

that the versatile aryl imine chemistry in combination with the CP-AFM technique can 

create opportunities to investigate the photoswitching process at the nanoscale, particularly 

in the less explored hopping transport regime. Avenues to pursue in the future may include 

investigating the mechanism of charge transport for the PS-OPI wires in their ON state, 

examining other PS linkers, incorporating more than one PS unit into the wire backbone, 

and building longer wires. 
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6 A Cyclic Voltammetry Study of Ferrocene-

Capped Molecular Wires 
 

6.1 Abstract 
 

In this chapter, we report some preliminary results of our cyclic voltammetry (CV) 

measurements on ferrocene-capped OPI and CB-OPI molecular wires in two different 

electrolytes, namely 1-ethyl-3-methylimidazolium-bis (trifluoromethyl-sulfnyl) imide 

(EMITFSI) ionic liquid and 0.1 M solution of tetrabutylammonium hexafluorophosphate 

(Bu4NPF6) in acetonitrile. The wires were grown from Au surfaces using stepwise aryl 

imine condensation reactions and terminated with ferrocene as described earlier (cf. 

chapter 4). CV was employed to investigate the kinetics of electron-transfer (ET) to the 

ferrocene and it was observed that the standard ET rate constant (k0) is a strong function of 

the electrolyte as well as the chemical composition of the wire. Interestingly, when 0.1 M 

Bu4NPF6 in acetonitrile was used as the electrolyte, all of the wires exhibited quite similar 

k0 values. However, in the case of the ionic liquid, we found that k0 dramatically varies for 

each wire and trends as: OPI 6_Fc > CB3-OPI 6_Fc > CB5-OPI 6_Fc > CB3,5-OPI 6_Fc. 

We also examined the temperature dependence of ET kinetics for ferrocene-capped OPI 2, 

OPI 4, OPI 8, CB3-OPI 6, CB5-OPI 6, and CB3,5-OPI 6 wires in EMITFSI ionic liquid. It 

was found that the activation energies associated with the ET in these wires are very similar 

(~0.2 eV). Moreover, it was observed that ln (k0) varies linearly with molecular length for 

the three OPI 2_Fc, OPI 4_Fc, and OPI 8_Fc wires. We hypothesized that the ET to the 

ferrocene in OPI_Fc and CB-OPI _Fc wires takes place via a direct tunneling mechanism. 
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6.2 Introduction 
 

During the past three decades, there has been a growing interest in the study of the 

electron-transfer (ET) process at the metal/molecule interface. Besides the rich science in 

this area, the studies are motivated by a number of important technological applications 

such as sensors,27,207 solar cells,208  light emitting diodes (LEDs),209,210 

electrocatalysis,211,212 and molecular electronics.24,213–215 Redox moieties that are 

irreversibly attached to the surface of metals as a part of a well-defined organized structure 

(i.e., a self-assembled monolayer) are good candidates for investigating interfacial ET 

reactions.216–219 In such structures, the monolayer mediates the ET between the metallic 

electrode and the redox moiety in a metal-bridge-redox couple arrangement which 

corresponds to donor-spacer-acceptor structures that have been extensively studied in 

homogenous systems and biological structures.11,63,220 Moreover, these structures allow 

location of the redox couple at a precisely controlled (and variable) distance from the 

surface while changing the chemical composition of the bridge and would eliminate 

complicating factors caused by convective and diffusive transport as well as by the 

adsorption of the redox couple.221 

The kinetics of charge-transfer have been extensively investigated for the ferrocene 

redox couple attached to gold surfaces through saturated alkane bridges as well as 

conjugated ones.124,213,219,222–228 The aim of these studies was done to characterize the role 

of the length and the chemical composition of the bridge in kinetics of the interfacial 

electron-transfer reactions. It has been demonstrated that the standard ET rate constant (k0) 

varies exponentially with the bridge length (l) as a consequence of the tunneling 

mechanism that governs the ET process. Additionally, the exponential decay coefficient 
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(𝛽 = −𝑑 𝑛[𝑘0]/𝑑 ) for conjugated bridges was found to be smaller than for saturated ones, 

consistent with the observations in donor-bridge-acceptor systems dissolved in solution 

and in molecular junctions.150,151,223,224,229,230  

As demonstrated in chapter 4, we employed a ferrocene-capping method to 

calculate the surface coverage of CB-OPI molecular wires. It was observed that all of the 

wires (OPI 6_Fc and three CB-OPI 6_Fc wires) show similar behavior in CV in terms of 

peak potentials, peak currents, and peak separations (i.e., the potential difference between 

the cathodic and anodic peaks) despite  

 

 

Figure 6.1 Molecular structure of the ferrocene-capped OPI and CB-OPI wires. 
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their very different I-V characteristics measured by CP-AFM. OPI_Fc wires were also 

extensively investigated by Demissie et al.169 and the measured CVs did not show much 

variation even though the resistance of OPI molecular wire junction exhibited a clear length 

dependence as demonstrated by Choi et al.31 Moreover, in another study, Demissie et al.217 

investigated a series of CB-OPI_Fc wires (with variable number of saturated spacers) and 

observed that CV results are not affected by the length of the wires or the number of 

saturated units. These results suggest that CV is almost insensitive to the length and 

chemical composition of the molecular bridge for the electrolyte used in these studies (0.1 

M solution of tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile). 

However, this might not be the case in a different electrolyte and it is intriguing to 

investigate this.  

In this work, our goal was to explore the effects of a different electrolyte on kinetics 

of ET in OPI_Fc and CB-OPI_Fc molecular wires as well as to elucidate the length and 

temperature dependence of the ET rate. The molecular structures of the wires are illustrated 

in Figure 6.1. These wires were grown from Au surfaces, using the stepwise synthesis as 

described before (cf. chapter 4). The alternative electrolyte chosen for this study was 1-

ethyl-3-methylimidazolium-bis (trifluoromethyl-sulfonyl) imide (EMITFSI) ionic liquid 

that has been widely used as the dielectric in electrochemically gated transistors (EGTs) 

and as the electrolyte in CV and other electrochemical measurements.231–234 The first part 

of this study involves the comparison of the redox behavior of OPI 6_Fc, CB3-OPI 6_Fc, 

CB5-OPI 6_Fc, and CB3,5-OPI 6_Fc wires in two electrolytes (0.1 M Bu4NPF6/CH3CN 

and EMITFSI) using CV measurements. The main observation from these experiments was 
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that the standard ET rate constant (k0) exhibits a strong dependence on the structure of the 

wire in EMITFSI and trends as: OPI 6_Fc > CB3-OPI 6_Fc > CB5-OPI 6_Fc > CB3,5-

OPI 6_Fc. However, in 0.1 M Bu4NPF6/CH3CN, k0 values are relatively close for all of the 

wires. In the second part, we studied the temperature dependence of ET kinetics for 

ferrocene-capped OPI 2, OPI 4, OPI 8, CB3-OPI 6, CB5-OPI 6, and CB3,5-OPI 6 wires in 

EMITFSI ionic liquid. We found that within the temperature range of 260-320 K, the trend 

in standard rate constant is as following: OPI 2_Fc > OPI 4_Fc > OPI 8_Fc > CB3-OPI 

6_Fc > CB5-OPI 6_Fc > CB3,5-OPI 6_Fc. However, the activation energies associated 

with the ET in these wires were quite similar (~0.2 eV). It was also observed that for three 

ferrocene-capped OPI 2, OPI 4, and OPI 8 wires, the log (k0) scales linearly with the 

molecular length. Based on these results, we hypothesized that the ET mechanism in these 

wires is tunneling.   

These preliminary results indicate that the ET rate to ferrocene in these molecular 

wires is a strong function of the electrolyte and the molecular structure of the bridge. 

Further experiments may help clarify the influence of the electrolyte on ET rate and the 

mechanism of ET in these ferrocene-capped molecular wires.  

6.3 Methods 
 

Cyclic voltammetry measurements. Room temperature CV measurements were 

undertaken with a Pine Instruments AFRDE5 potentiostat. Two different electrochemical 

cells were used in these measurements. For 0.1 M solution of tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) in acetonitrile, an O-ring (1 cm diameter) was placed 

between the monolayer-coated Au substrate and a three-neck glass cell with a hole at the 
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bottom. In this setup, Au substrate served as the working electrode. A Pt wire was used as 

the counter electrode and the reference was an Ag wire. For the EMITFSI ionic liquid, 

measurements were done in a one-neck Teflon cell with a one-neck hole at the bottom 

which was placed on the substrate and sealed with an O-ring (0.5 cm diameter). The counter 

and the reference electrodes (Pt and Ag wires, respectively) were then immersed in the 

liquid from the top opening of the cell. All of the potentials were referenced to 

ferrocenium/ferrocene (Fc+/Fc). 

Variable temperature cyclic voltammetry measurements were made in a Lakeshore 

TTPX probe station inside of a nitrogen-filled glovebox. A Keithley 2612 SourceMeter 

was programmed to perform CV measurements and temperature was varied in the range of 

250-320 K by a Lakeshore 331 temperature controller in conjunction with a low liquid 

nitrogen flow and a heating element. 

Calculating the standard rate constants for ET. To determine the standard 

electron-transfer rate constants (k0) from the CV data, we used the method described by 

Myland et al.235 for a surface confined redox system. Considering the following redox 

reaction is taking place at an electrode of area A when the electrode is initially covered by 

a SAM of the electroactive substrate S with a surface concentration of Γ, 

                                               S(ads)

𝑘𝑓
⇄
𝑘𝑏

P(ads) + ne-                                                                          (6.1) 

where 𝑘𝑓 and 𝑘𝑏 represent the rate constants for forward and backward reactions, 

respectively, and P represents the product. During the redox reaction, S molecules get 
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replaced by those of the product P, such that the total surface concentration remains 

constant. 

                                            Γ𝑆 + Γ𝑃 = Γ = constant.                                                    (6.2) 

The “coverage parameter” can be defined as 

                                                          Θ =
Γ𝑃 − Γ𝑆

Γ
                                                                        (6.3) 

   which increases progressively from -1 to +1 as the reaction proceeds.  

 The initial potential 𝐸𝑖 is taken as sufficiently extreme that almost no product is 

present at time t = 0. The potential is then swept at a rate 𝜐 (sweep rate), passing through 

standard potential 𝐸0 and proceeding to the final potential 𝐸𝑓 at which all of the S 

molecules are essentially converted to the product P and the sweep either stops or changes 

direction. During the forward sweep, the potential at a given time t is 

                                     𝐸(𝑡) = 𝐸𝑖 + 𝜐𝑡,       0 ≤ 𝑡 ≤
𝐸𝑓 − 𝐸𝑖

𝜐
                                                 (6.4) 

At time t, the faradaic charge corresponding to the redox reaction can be written as: 

                                      𝑄(𝑡) = 𝑛𝐹𝐴Γ𝑃 =
𝑛𝐹𝐴Γ

2
[1 + Θ(𝑡)]                                                   (6.5) 

where 𝑛𝐹𝐴Γ is the charge needed for the complete S→P conversion. The faradaic current 

flowing at time t can be obtained by taking the derivative of charge with respect to time  

                                   𝐼(𝑡) =  
𝑑𝑄(𝑡)

𝑑𝑡
=
𝑛𝐹𝐴Γ

2

𝑑Θ

𝑑𝑡
=
𝑛𝐹𝐴Γυ

2

𝑑Θ

𝑑𝐸
                                           (6.6) 
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Assuming that the activities of S and P adsorbates are proportional to their fractional 

coverages, the faradaic current can also be expressed in terms of potential-dependent rate 

constants (𝑘𝑓 and 𝑘𝑏), thus: 

             𝐼(𝐸) = 𝑛𝐹𝐴Γ [𝑘𝑓
Γ𝑆
Γ
− 𝑘𝑏

Γ𝑃
Γ
] =

𝑛𝐹𝐴Γ

2
[𝑘𝑓 − 𝑘𝑏 − (𝑘𝑓 + 𝑘𝑏)Θ(𝐸)]                  (6.7) 

It can be immediately seen that at the standard potential, where 𝑘𝑓 = 𝑘𝑏 = 𝑘0, the current 

and the coverage parameter are related through the simple equation 

                                                            
𝐼0

𝑛𝐹𝐴Γ
= −𝑘0Θ0                                                               (6.8) 

Combining Equations 6.6 and 6.7 result the following differential equation: 

                                         𝜐
𝑑Θ

𝑑𝐸
=
𝑑Θ

𝑑𝑡
= 𝑘𝑓 − 𝑘𝑏 − (𝑘𝑓 + 𝑘𝑏)Θ                                            (6.9) 

The potential-dependence of the 𝑘𝑓 and 𝑘𝑏 rate constants can be described by the well-

known Butler -Volmer equation: 

                                     𝑘𝑓 = 𝑘0 exp {
(1 − 𝛼)𝑛𝐹

𝑅𝑇
[𝐸 − 𝐸0]}                                                (6.10) 

and 

                                         𝑘𝑏 = 𝑘0 exp {
−𝛼𝑛𝐹

𝑅𝑇
[𝐸 − 𝐸0]}                                                     (6.11) 

where 𝛼 is the transfer coefficient (a symmetry factor) varying between 0 and 1. Before 

proceeding further, two new dimensionless parameters are defined as following: 

                                                                 𝜅 =
4𝑅𝑇𝑘0

𝑛𝐹𝜐
                                                               (6.12) 
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and 

                                                                𝜂 =
𝑛𝐹

2𝑅𝑇
[𝐸 − 𝐸0]                                                     (6.13) 

The parameter 𝜅 represents the ratio between the standard rate constant of the reaction 

and the sweep rate. The parameter 𝜂 is the dimensionless potential scale which equals 

zero at the standard potential 𝐸0. 

By inserting the Butler-Volmer expressions of 𝑘𝑓 and 𝑘𝑏 into the Equation 6.9 

and employing the new definitions, the following differential equation obtains         

      
2

𝜅

𝑑Θ

𝑑𝜂
= exp{2(1 − 𝛼)𝜂} − exp{−2𝛼𝜂} − [exp{2(1 − 𝛼)} + exp{−2𝛼𝜂}]Θ       (6.14) 

This equation was numerically solved for different sets of 𝜅 and 𝛼. The obtained solution 

(Θ(𝜂)) was then inserted into the Equation 6.6 (with the corresponding 𝜅) to generate 𝐼 vs. 

𝐸 plots (simulated CV curves) from which we extracted the “dimensionless peak 

separation” Δ𝜂, defined as: 

                                          Δ𝜂 = 𝜂𝑎 − 𝜂𝑐 =
𝑛𝐹

2𝑅𝑇
[𝐸𝑎 − 𝐸𝑐]                                                  (6.15) 

( 𝜂𝑎 =
𝑛𝐹

2𝑅𝑇
[𝐸𝑎 − 𝐸0]; 𝜂𝑐 =

𝑛𝐹

2𝑅𝑇
[𝐸𝑐 − 𝐸0])  

where 𝐸𝑎 and 𝐸𝑐 are anodic and cathodic peak potentials, respectively. Based on these 

results, plots of Δ𝜂 vs. 𝜅 were generated for each 𝛼 value as depicted in Figure 6.2. One 

can see that the  
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Figure 6.2 Master curves of the dimensionless peak separation 𝛥𝜂 vs. the dimensionless 

rate constant 𝜅 calculated for α values in range of 0.2 to 0.8 vary in the increments of 0.025. 

 

variation between the curves corresponding to different 𝛼 values is relatively small and 

they all lie very close to each other. These plots allow us to determine the standard rate 

constants from the experimental CV data. To do this, we used the Δ𝜂 vs. 𝜅 plot for 𝛼 = 0.5 

and obtained the 𝜅 (and hence the 𝑘0 through the Equation 6.12) corresponding to the 

experimental Δ𝜂. Figure 6.3 summarizes our procedure to extract the standard rate 

constants from the experimental CV data. 
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Figure 6.3 Flowchart representation of the procedure for determining the standard ET rate 

constant (𝑘0) from the experimental CV peak separation. 

 

6.4 Results and Discussion 
 

Comparing the electron transfer rates in two different electrolytes. The room  

 

Figure 6.4 Cyclic voltammograms of ferrocene-capped (A)OPI 6, (B) CB3-OPI 6, (C) 

CB5-OPI 6, and (D) CB3,5-OPI 6 wires in EMITFSI measured at five different sweep 

rates. The reference and counter electrodes were Ag and Pt wires respectively and 

potentials were referenced to ferrocenium/ferrocene (Fc+/Fc). 
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temperature CV data for OPI 6_Fc and CB-OPI 6_Fc wires measured at multiple sweep 

rates in EMITFSI and 0.1 M Bu4NPF6/CH3CN are depicted in Figures 6.4 and 6.5 (same 

data shown in Figure 4.7), respectively. One can see that in the case of EMITFSI, the peak 

separation increases as more saturated cyclohexyl groups are incorporated into the 

molecular chain. However, this is interestingly not the case when 0.1 M Bu4NPF6/CH3CN 

is used as the electrolyte and peak separations for the wires are quite similar. To illustrate 

this better, CV data corresponding to the sweep rate of 500 mV/s are replotted for EMITFSI  

 

Figure 6.5 Cyclic voltammograms of ferrocene-capped (A) OPI 6, (B) CB3-OPI 6, (C) 

CB5-OPI 6, and (D) CB3,5-OPI 6 wires in 0.1 M Bu4NPF6/CH3CN measured at five 

different sweep rates. The reference and counter electrodes were Ag and Pt wires 

respectively and potentials were referenced to ferrocenium/ferrocene (Fc+/Fc). 
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(Figure 6.6A) and 0.1 M Bu4NPF6/CH3CN (Figure 6.6B) for the two electrolytes. The 

corresponding peak separations (obtained from the experimental CV data) and the standard 

rate constants calculated from the Δ𝜂 vs. 𝜅 master curve (𝛼 = 0.5) are given in Table 6.1. 

Note that the difference between the peak currents in the two electrolytes corresponds to 

the different surface areas examined in each case as discussed in the experimental section 

above. According to Table 6.1, rate constants in the ionic liquid trend as: OPI 6_Fc > CB3-

OPI 6_Fc > CB5-OPI 6_Fc > CB3,5-OPI 6_Fc. This indicates that in the ionic liquid, the 

rate constant is a function of both position and the number of saturated cyclohexane 

spacers. On the other hand, it is more or less the same for all of the four wires in acetonitrile. 

We think that the different trends in the rate constants observed for the two 

electrolytes can arise from the different molecular wire-electrolyte interactions. In  

 

Figure 6.6 CV data for OPI 6_Fc and CB-OPI 6_Fc wires collected at a sweep rate of 500 

mV/s in (A) EMITFSI ionic liquid, and (B) 0.1 M Bu4NPF6/CH3CN. 

 

particular, the level at which ions penetrate into the monolayer and the position of the 

electrical double layer relative to the surface can drastically affect the potential profile 
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along the molecular bridge and presumably change the rate of electron-transfer to the 

ferrocene depending on the electrolyte used. Further experiments would verify this 

hypothesis and clarify the influence of the wire structure and electrolyte on the redox 

behavior of these wires.  

Table 6.1 CV peak separations and standard ET rate constants for OPI 6_Fc and CB-OPI 

6_Fc wires at a sweep rate of 500 mV/s in EMITFSI and 0.1 M Bu4NPF6/CH3CN. 

Monolayer Peak Separation 

in EMITFSI 

(mV) 

Peak Separation in 

Acetonitrile (mV) 

k0(s-1) in 

EMITFSI 

k0(s-1) in 0.1 M 

Bu4NPF6/CH3CN 

OPI 6_Fc 48 80 13.2 6.8 

CB3-OPI 

6_Fc 

64 83 9.1 6.4 

CB5-OPI 

6_Fc 

104 90 4.6 5.7 

CB3,5-OPI 

6_Fc 

158 90 2.3 5.7 

 

The standard ET rate constants calculated here are much smaller than those reported 

in the literature for similar ferrocene-terminated SAMs. For instance, Smalley et al. 218 

measured 𝑘0s in the range of 103-107 s-1 for a series of ferrocene-terminated 

oligophenyleneethynylene (OPE) SAMs on gold with lengths of 0.7-3.4 nm (the highest 

rate constant corresponds to the shortest OPE bridge) using the indirect laser-induced 

temperature jump (ILIT) technique. There are several factors that can cause such a 

discrepancy between these data and ours. First of all, most of the reported values are for 

diluted SAMs in which the redox active molecules are embedded in a matrix of neutral 

molecules. This minimizes the Coulomb interactions between the redox centers on the 

surface that can lead to complications. However, in the case of our measurements, SAMs 
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were undiluted and hence there were a relatively high concentration of redox couple on the 

surface. It is likely that the accumulation of electrical charge on the surface (upon oxidizing 

the ferrocene) slows down the kinetics of ET for the unoxidized species (because of the 

electrostatic attraction force). Second, the calculated ET rate constants are a function of the 

type of electrolyte employed. Finally, calculated  𝑘0s strongly depend on the physical 

model used to describe the ET kinetics in these systems. 

Temperature dependence of the rate constant. In the second part of this work, 

we investigated the temperature dependence of redox behavior for ferrocene-capped OPI 

2, OPI 4, CB3-OPI 6, CB5-OPI 6, CB3,5-OPI 6, and OPI 8 molecular wires in EMITFSI  

 

Figure 6.7 CV data obtained in the range of 250-300 K at a sweep rate of 500 mV/s in 

EMITFSI for (A) OPI 2_Fc, (B) OPI 4_Fc, (C) OPI 8_Fc, (D) CB3-OPI 6_Fc, (E) CB5-

OPI 6_Fc, and (F) CB3,5-OPI 6_Fc. 

 

ionic liquid. Figure 6.7 depicts the CV data measured at a sweep rate of 500 mV/s for 

multiple temperatures. One can see that as the temperature rises, the peak separation 



123 

 

decreases and hence the electron-transfer rate goes up as we expected. In addition, the base 

line slope gets steeper with the temperature increase which is more severe beyond 290 K. 

Thus, for clarity, only the data corresponding to the temperature range of 250-300 K are 

given here, even though the measurements were carried out up to 320 K and the ferrocene 

peaks were clearly observed. The sloped base line possibly arises from some thermally  

 

Figure 6.8 Plots of log (k0) versus inverse temperature for ferrocene-capped OPI 2, OPI 

4, OPI 8, CB3-OPI 6, CB5-OPI 6, and CB3,5-OPI 6 wires in the range of 250-320 K in 

EMITFSI. The standard rate constants were calculated from the 𝛥𝜂 vs. 𝜅 master curve (𝛼 

= 0.5). Straight lines are the linear fits to data and activation energy was calculated from 

the slope of each line. 
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induced degradation of the ionic liquid which causes larger currents at higher temperatures. 

Standard rate constants were calculated (using the method described earlier) for each wire 

at different temperatures.  

The log(k0) vs. 1/T plots associated with the CV data are depicted in Figure 6.8. 

Clearly, electron-transfer in these wires is thermally activated and the linear trend (log (k0) 

∝1/T) has been previously observed by many groups and can be explained within the 

Marcus picture of ET. The activation energies (Ea) extracted from the slope of log (k0) vs. 

1/T plots (slope = -0.43×Ea/R) are given in Figure 6.8. Interestingly, the values are quite 

similar (~0.2 eV) despite the very different molecular structure of the CB-OPI_Fc wires.  

 

Figure 6.9 Plots of log (k0) versus molecular length for ferrocene-capped OPI 2, OPI 4, 

and OPI 8 wires in the range of 260-320 K in EMITFSI. Straight lines are the linear fits to 

data and exponential decay coefficient (β value) was calculated from the slope of each line. 
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In addition, there is a clear trend in the standard rate constant of the wires at all of the 

temperatures (except for 250 K): OPI 2_Fc > OPI 4_Fc > OPI 8_Fc > CB3-OPI 6_Fc > 

CB5-OPI 6_Fc > CB3,5-OPI 6_Fc. This is qualitatively consistent with the trend in the 

conductance of the corresponding OPI and CB-OPI molecular bridges. 

The plots of log (k0) vs. molecular length are also displayed in Figure 6.9 for OPI 

2_Fc, OPI 4_Fc, and OPI 8_Fc wires at different temperatures. A linear trend is observed 

at each temperature with the exponential decay coefficients (β value which equals the 

slope) given. This linear trend is a characteristic of the tunneling mechanism. However, 

examining more lengths is necessary to verify this trend. It has been previously shown that 

charge transport in long OPI wires31 and CB-OPI 6 wires (cf. chapter 4) is thermally 

activated but with the activation energies that are different. Therefore, the similar activation 

energies measured for the ferrocene-capped wires suggests that the ET process does not 

involve the charge transport through the wire, that is, it takes place via a tunneling 

mechanism. Moreover, it has been shown that the oxidation peaks for OPI wires appear at 

higher potentials with respect to the ferrocene. This indicates that the oxidation of ferrocene 

in OPI_Fc (as well as the CB-OPI_Fc wires) wires takes place before the polarons can form 

and mediate the charge transport. This further supports the quantum tunneling as the 

mechanism of ET in OPI_Fc and CB-OPI_Fc wires.  

Despite the uncertainties, there are clear opportunities to gain a better 

understanding of intramolecular ET process over truly microscopic length scales 

(nanometers) by combining molecular synthesis and cyclic voltammetry measurements. 

Further experiments could clarify the role of electrolyte in ET and the mechanism of ET in 

OPI_Fc and CB-OPI_Fc wires.   
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6.5 Conclusion 
 

CV measurements have been carried out on OPI _Fc and CB-OPI _Fc wires to 

study the impacts of the chemical composition of the molecular bridge and the electrolyte 

on the kinetics of electron-transfer in these ferrocene-terminated wires. Interestingly, it was 

found that in 0.1 M solution of Bu4NPF6 in acetonitrile, the variation in ET rate constants 

(k0) of the wires is rather small. However, switching the electrolyte to EMITFSI ionic 

liquid caused a large variation between the ET rate constants of different wires. We have 

also investigated the temperature dependence of ET kinetics in EMITFSI for these wires. 

It was observed that the activation energies associated with the ET to ferrocene in these 

wires are quite similar. Furthermore, we found that log (k0) scales linearly with molecular 

length. Based on these results, we have hypothesized that the ET process to the ferrocene 

in these wires occurs via a tunneling mechanism. Further experiments may help clarify 

how different electrolytes affect the ET rate and elucidate the mechanism of ET in these 

systems. The experiments like those described here offer promising opportunities for 

further understanding the details of microscopic electron-transfer in redox systems attached 

to metallic electrodes. 
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7 Outlook: Understanding the Polaron Formation 

and Transport in π-Conjugated Molecular Wires   

 

The results summarized in this thesis in fabricating molecular wires of different 

structures on the surface and characterizing their electrical properties with CP-AFM and 

CV offers promising opportunities for further understanding the details of microscopic 

charge transport mechanisms in conjugated molecules. In combination with the 

conventional synthetic methods to modify the structure of molecules, molecular electronics 

provide the possibility to systematically investigate the correlation between the electrical 

properties of the junction and structural properties of the molecules themselves such as 

molecular length and bond architecture. These fundamental studies can ultimately lead to 

a knowledge that enables us to the achieve the desired optoelectronic properties by tuning 

the molecular structure. Knowledge that may also impact the parallel development of new 

molecular materials for applications in organic electronics. In the final chapter of this 

thesis, we explore conjugation-broken wires with new architectures to obtain a better 

understanding of (1) the polaron delocalization length, and (2) polaron transport 

mechanism in π-conjugated molecular wires. These studies can be viewed as the future 

direction for the work presented in chapter 4 of this thesis. Furthermore, we will investigate 

several strategies for doping the molecular wires, as well as for building planar wires to 

enhance the conjugation and facilitate the charge transport. 
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7.1 Systematic Study of the Polaron Delocalization 

Length in π-conjugated Molecular Wires 
 

  Previous UV-Vis spectroscopy measurements of OPI molecular wires by Choi et 

al.31 revealed that the conjugation extends only over the three repeat units. This relatively 

short conjugation length was attributed to the 30° tilt (approximately) between the phenyl 

rings and the C=N bonds which interrupts the π-conjugations. It was then proposed that the  

 

Figure 7.1 Molecular structures of four different class of conjugated-broken OPI (CB-OPI) 

wires with conjugation lengths of (A) one phenyl ring, (B) two phenyl rings, (C) three 

phenyl rings, and (D) four phenyl rings. 

 

three-repeat unit conjugated subunits are the charge-hopping sites, that is the polaron 

delocalizes over three phenyl rings. No further experiments were conducted to support this 

hypothesis and the nature of polarons in these molecular wires remained mostly 

unexplored.  

A

B

C
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  On the other hand, DFT calculations presented in chapter 4 suggested that polaron 

can delocalize over four or even five phenyl rings in the case of OPI 6 wire. In order to 

gain a more detailed picture of polaron formation in π-conjugated molecular wires, we 

propose a series of conjugation-broken OPI (CB-OPI) molecular wires (Figure 7.1) consist 

of conjugated subunits ranging from one to four phenyl rings in length. As depicted above, 

in each of the four classes of wires, conjugated subunits of equal length are separated by 

saturated cyclohexyl spacers. If a polaron is formed, it is confined to the conjugated section 

in between the two spacers and it has to tunnel through the cyclohexyl linker in order to 

reach the other end of the molecule. Due to this confinement, one can unambiguously 

determine the number of hops (if the conjugation length is long enough to allow the 

formation of polaron) required for the polaron to traverse the junction, which is simply 

equal to the number of the conjugated sections minus one (this gives the number of hops 

within the molecular chain). To assess the polaron delocalization length, we propose the 

following method: For each set described in Figure 7.1, wires of different lengths (with 

fixed size of the conjugated segment) are made and charge transport mechanism is 

determined for each wire by examining the temperature dependence of the junction 

resistance. For short conjugation lengths, the transport mechanism is tunneling regardless 

of the overall wire length and no temperature dependence is expected. However, when the 

size of the conjugated subunits grows and wire is long enough, the polarons can form and 

a thermally activated transport is presumably observed. By monitoring the transport 

mechanism as a function of the size of the conjugated subunits and the overall wire length, 

one can determine the point where the transition from tunneling to thermally activated 
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polaron hopping takes place. This corresponds to the minimum conjugation length required 

to accommodate a polaron. 

  The stepwise growth of CB4,8-OPI 11p wire on gold is illustrated in Figure 7.2A. 

The first step involves the chemisorption of 4-formylthiophenol (4-FTP) onto the Au 

surface. The imine bonds are then made by alternate addition of p-phenylene diamine and 

terephthalaldehyde. Replacing the aromatic diamine with the trans-1,4-

diaminocyclohexane in the growth process enabled us to incorporates the saturated 

cyclohexyl spacer into the molecular backbone. The wire growth was followed by RAIRS  

 

Figure 7.2 (A) Stepwise growth of CB4,8-OPI 11p molecular wire on Au substrate. (B) 

RAIRS spectra of the wires shown on the left. Dashed lines specify the positions of the 

imine stretches (C=N, 1620 cm-1 aromatic, 1644 cm-1, aliphatic), and carbonyl stretch 

(C=O, 1704 cm-1). 
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and the data are given in Figure 7.2B. Clearly, carbonyl stretch (~1700 cm-1) alternatively 

appears and disappears at odd and even steps of the growth, respectively. This indicates 

the quantitative yield of the imine-formation reaction at every step on the surface. Aromatic 

ring modes (1470-1500 cm-1) and imine stretches (1620 cm-1) can also be observed 

consistent with the growth of molecular wires on the surface. 

 

Figure 7.3 (A) Molecular structure of ferrocene-capped CB4,8-OPI 11 wire (CB4,8-OPI 

11_Fc). (B) Cyclic voltammograms of CB4,8-OPI 11_Fc wire obtained at different sweep 

rates in 0.1 M Bu4NPF6/CH3CN. The reference and counter electrodes were Ag and Pt 

wires, respectively.  
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Figure 7.3A shows the molecular structure of the ferrocene-capped CB4,8-OPI 12 

wire (CB4,8-OPI 11_Fc). The cyclic voltammograms of the CB4,8-OPI 11_Fc wire at 

multiple sweep rates measured in 0.1 M solution of tetrabutylammonium 

hexafluorophosphate (Bu4NPF6) in acetonitrile is given in Figure 7.3. As one can see, a 

reversible oxidation peak associated with the ferrocene unit is observed. A surface 

coverage (Γ) of 1.35 molecules/nm2 was calculated from the area under the oxidation peak 

in the forward sweep of the voltammogram. 

7.2 Investigating the Polaron Transport Mechanism in 

Isotopically Labeled Molecular Wires 
 

  Based on our experimental and computational results described in chapter 4, we 

hypothesized that the charge transport mechanism in the conjugation-broken OPI (CB-

OPI) wires is a combination of over-barrier polaron hopping and thermally-assisted polaron 

tunneling. Quantum nuclear tunneling has been proposed as an important charge transport 

mechanism in films of organic semiconductors.160–164,236 Asadi et al.162 adopted a localized 

charge nuclear tunneling model to clarify the long-standing disputes over the mechanism 

of electrical conduction in doped conjugated polymers: They claimed that nuclear 

tunnelling assisted polaron hopping is a universal description for all of the conducting 

polymers. Shuai group in collaboration with others have done several theoretical studies 

on the effects of nuclear tunneling on charge transport in organic 

semiconductors.160,161,164,236 In particular, they proposed an important theoretical prediction 

on the isotope effect in different charge transport mechanisms: the isotope effect is only 

expected in the case of nuclear tunneling-assisted polaron hopping mechanism, and is 

absent in other transport mechanisms (i.e., band like transport or hopping). These is 
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because none of the parameters that govern the rate of electron transfer in hopping (transfer 

integral H and reorganization energy λ) or band-like transport (acoustic-deformation-

caused energy level shift) mechanisms depend on the isotope substitution. It is only in the 

case of nuclear tunneling that heavier atoms  

 

Figure 7.4 Molecular structure of CB3,5-OPI 6 and CB3,5,7-OPI 8 wires with different 

isotope substitution patterns: (A) non-substituted, (B) with D, 13C (shown in blue), and 15N 

(shown in pink) substitutions at the two conjugated ends, and (C) with D, 13C, and 15N 

substitutions only at C=N bonds. 
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can weaken the quantum effect (while keeping the same electronic structure) and charge 

mobility is expected to be reduced. Thus, isotope effect can be used as a probe to investigate 

the charge transport mechanism in organic semiconductors. 

 Based on these theoretical studies, we propose to isotopically label OPI molecular 

wires to further investigate the charge transport mechanism in π-conjugated molecular 

wires. If nuclear tunneling is involved in the charge transport mechanism as hypothesized 

in chapter 4, substitution with heavier isotopes would decrease the tunneling probability 

and hence would lower the conductivity of the wire. In addition, the activation energy 

would increase as a result of a smaller tunneling probability. These changes in the junction 

conductance and activation energy of transport can be probed by CP-AFM, provided that 

they are large enough. In principle, every H, C, or N atom within the wire backbone can be 

substituted by D, 13C, or 15N, respectively which leads to a large number of possibilities. 

However, we are mostly interested in structures for which the isotope substitution gives 

the largest change in their resistance and activation energy. As a result, DFT calculations 

(done by our collaborators Ghosh et al.237) were employed to predict the change in the 

imaginary frequency associated with transition state of polaron transport upon isotope 

substitution in a series of molecular wire structures. They examined isotopically labeled 

CB3,5-OPI 6 and CB3,5,7-OPI 8 molecular wires with different substitution patterns (see 

Figure 7.4). First, fully labeled wires (with D, 13C, and their combinations with 15N) were 

investigated. The results are summarized in Table 7.1. As one can see, all of the labeled 

wires exhibit imaginary frequencies as expected for heavier isotopes. Moreover, D labeling 

is much CB3,5,7-OPI 8 wires were studied. Figure 7.4B depicts the wires that are only 

labeled at the two conjugated ends, before and after the cyclohexyl groups (13C and 15N 
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shown in blue and pink, respectively). Interestingly, the results in this case are the same as 

labeling the entire wire (see Table 7.1) which indicates that the middle isolated phenyl 

rings do not participate in charge transport, something that was previously predicted for 

CB3,5-OPI 6 wire as discussed in chapter 4.  Figure 7.4C shows the wires  

Table 7.1 Effect of isotope substitutions on imaginary frequency of transition state of 

polaron transport in CB3,5-OPI 6 and CB3,5,7-OPI 8 wires. Numbers in parenthesis 

indicate the % change. 

 

 

for which only the C=N (imine) bonds are labeled and as one can from the last column of 

Table 7.1, the changes are significant for a relatively small number of isotopic 

substitutions. This implies that imine bonds play a key role in charge transport in these 

wires which was also discussed in chapter 4. Overall, the computational studies provide a 

rational approach to design isotopically labeled wires for further investigation of charge 

transport in π-conjugated molecular wires.   
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7.3 Strategies for Doping the Molecular Wires and           

Determination of Charge Mobility 
 

(i) Electrochemical doping of molecular wires. Prior works done by our 

group31,89,121,122 and others67,68,149 have shown that long conjugated molecular wires exhibit 

hopping conductivity even ate very low applied biases which implies the presence of 

charge carriers. However, the carrier concentration is generally unknown and uncontrolled 

in these molecular wires. It would be really appealing to find a method for assessing and  

 

Figure 7.5 Schematic of electrochemical gating of molecular wires with a four-electrode 

setup. The AFM tip is insulated to prevent electrical short and current leakage and it is only 

exposed to the solution at the very end (apex). 

 

tuning the concentration of carriers in molecular junctions. In addition, if the carrier 

concentration can be controlled at a known level, measuring the conductivity of the wire 

can yield the charge mobility through the well-known equation32 𝜎 = 𝑛𝑒𝜇, where 𝜎 is the 
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conductivity, 𝑛 is the concentration of carriers, 𝑒 is the  unit charge, and 𝜇 is the carrier 

mobility. Determining the charge mobility within a molecular wire is important as it can 

provide an estimation of the upper limit for the mobilities observed in the films of π-

conjugated polymers used in devices. Herein, to determine and control the concentration  

 

Figure 7.6 (A) Molecular structure of several electron donors and acceptors to be used for 

dopping the molecular wires. (B) Schematic illustration of molecular junctions consist of 

wires with tunable number and spacing of the dopping sites (red filled rectangles). 

 

of carriers in a molecular junction, we propose to electrochemically dope or gate the wires 

in the hopping regime. Electrochemical gating based on STM and mechanically 
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controllable break junction setups have been previously reported for molecular wires in the 

tunneling regime.238–241   

  A schematic illustration of this method is shown in Figure 7.5. In this four-electrode 

setup, the redox state (and presumably the carrier concentration) of the wire is controlled 

by varying the electrochemical potential of the electrolyte solution relative to the reference 

electrode and the conductivity is measured by the AFM probe as discussed earlier. Our  

 

 

Figure 7.7 (A) Doping of emeraldine base with hydrochloric acid to produce 

polysemiquinone radical cation. (B) Conductivity of emerladine base as a function of the 

pH of the HCl solution used to dope the polymer. [Adapted from reference242 with 

permission; Copyright 2010 by John Wiley & Sons, Inc.] 
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proposed method to determine the carrier mobility is as following: First, CV measurement 

is performed to assess the redox behavior of the monolayer (presumably redox active). 

Then, within an electrochemical window that spans between the two edges of the redox 

peak, the bias is held at different potentials while the conductivity is measured. At each 

potential, the induced carrier concentration is roughly equal to the amount of charge   

injected into the wire which can be calculated by integrating the peak area swept up to that 

certain potential as illustrated in Figure 7.5. This method allows to systematically measure 

the conductivity as a function of [induced] carrier concentration. Carrier mobility can then 

be extracted from the slope of conductivity versus carrier concentration.  

  Figure 7.6A depicts the structure of some redox active motifs that can be 

incorporated into the wire backbone to induce holes (p-type) or electrons (n-type). In 

addition, we also propose to vary the number and spacing of the “doping sites” within the 

molecular chain (Figure 7.6B) and study the impacts on carrier concentration and mobility. 

  (ii) Non-redox doping of molecular wires. Non-redox doping differs from 

electrochemical doping in that it does not change the number of electrons associated with 

the molecular backbone during the doping process and only the electronic structure of the 

molecule is changed. A well-known example is proton doping of emeraldine base, the 

“half-oxidized” form of polyaniline, to make a stable polysemiquinone radical cation 

(Figure 7.7A).242–244 This leads to a very large increase in conductivity, up to ~10 orders of 

magnitude at low pH (<2) as shown in Figure 7.7B. The effect of pH on conductance of 

molecular junctions consist of several oligopeptides terminated with dithiols was explored  
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Figure 7.8 Molecular structures of the linkers for chemical dopping of the molecular 

wires. 

 

by Xiao et al.245 and the dependence of conductance on pH was observed. This behavior 

was attributed to the change in the electronic structure and local charge distributions of the 

oligopeptides upon protonation or deprotonation of their –NH2 and –COOH groups at 

different pHs. In another study, Xiao et al.246 observed that in the presence of Ni2+ and 

Cu2+in solution, conductance of cysteamine-Gly-Cys increases by ~100 and ~300 times, 

respectively, due to the strong binding of the metal ions to the peptide. 

  One can think of applying similar ideas to conjugated molecular wires. Figure 7.8 

illustrates the structure of the proposed doping sites along with the corresponding doping 

reactions. Conductance of the wires incorporating these doping sites can be measured as 

function of pH and metal ion concentration. In addition, as mentioned above, it would be 

intriguing to measure the conductance as a function of the number and spacing of the 

doping sites.  
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7.4 Enhancing the π-conjugation in Molecular Wires  
 

  As discussed earlier in this chapter, the conjugation in OPI wires does not extend 

beyond the three phenyl ring as inferred from the UV-Vis spectroscopy data. This relatively 

short conjugation length is a result of the twisted nature of the phenyl rings with respect to 

each other (~30°) which is caused by the steric hindrance between the hydrogen atoms of 

the ring and the imine. To enhance the π-delocalization and hence increase the conjugation 

length one should therefore think of making more planar wire structures. One strategy to 

reduce the dihedral angle between the phenyl ring and the imine linkage is to use 

intermolecular hydrogen bonding between the nitrogen of the imine bond and a hydroxyl 

group (on the phenyl ring). This can result in the  

 

 

Figure 7.9 Structure of an oligoimine wire designed to planarize the dihedral angle with 

hydrogen bonds. Atoms involved in hydrogen bonding are shown in red. 

 

formation of the very stable six-membered ring which forces the phenyl ring and the imine 

bond into a coplanar structure. In fact, it has been demonstrated that intermolecular 

hydrogen bonding can reduce the dihedral angle down to zero in similar systems.247 Based 

on this strategy, we propose a series of molecular wires illustrated in Figure 7.9. These 

wires can be synthesized from hydrazine and 2,5-dihydroxybenzene-1,4-dicarboxaldehyde 
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and are expected to adopt a nearly flat structure with an enhanced π-conjugation and 

conductivity. In addition, based on a previously reported reaction26 we propose a new 

method to build molecular wires with more planar structures. The stepwise growth process 

involving this proposed method is outlined in Figure 7.10. This reaction is expected to take 

place with a high yield at room temperature in the presence of 1,4-

diazabicyclo[2.2.2]octane (DABCO) as the catalyst.  

 

Figure 7.10 Illustration of the proposed method for stepwise growth of planar molecular 

wires. The atoms involved in hydrogen bonding are shown in red. 
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