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ABSTRACT 

With the miniaturisation of silicon based technology approaching its fundamental physical 

limit, molecular electronic components are considered an alternative route to prolong the 

lifetime of integrated circuit technology. In order to realise this technology, the fundamental 

physical and electronic properties of such nanoscopic materials and devices must be fully 

understood. 

This thesis reports the successful formation and characterisation of a series of novel molecular 

wires on both planar and nanoparticulate surfaces, from which two papers have been 

published. Formation of these wires was achieved using the reproducible chemical self

assembly method often utilised in bottom-up molecular electronics. After the initial 

chemisorption of a functional headgroup to a suitable substrate, subsequent layers were 

chemically reacted by means of an imine bond formation. This allowed multilayer donor-n

bridge-acceptor systems of up to ca. 10.4 nm in length to be constructed. Not only does this 

method allow the formation ofreasonably complex systems, it also enables functionality to be 

incorporated into the wire. The assembly characteristics of various wires have been 

characterised using Quartz Crystal Microbalance and X-ray Photoelectron Spectroscopy, and 

in the case of those on Ti02 nanoparticles, with Infrared Spectroscopy. Furthermore, an 

investigation into the factors affecting the formation of upright, homogeneous monolayers 

was carried out on a set of related compounds, revealing the importance of molecule-molecule 

and molecule-substrate interactions. 

Multiple molecular wires were also characterised with respect to their electrical properties 

which show symmetrical or asymmetrical current-voltage curves. This was done using 

Scanning Tunnelling Spectroscopy to obtain current-voltage characteristics, as well as the so 

called current jump method to measure single molecule current or that of small clusters of 

molecules. The effect of increasing molecular length and steric hindrance on molecular 

current rectification was examined, as well as the effect of increasing length on single 

molecule conductance. 
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1.0 INTRODUCTION 

1.1 SILICON TECHNOLOGY 

The current electronics market is dominated by the silicon-based complementary metal-oxide 

semiconductor (CMOS) transistor, which consists of a source, drain, channel and gate region. 

The first transistor was produced in 1947 by Shockley, Bardeen and Brattain of Bell Labs, 

although the initial model was soon replaced by the modern junction transistor. The first 

commercially available transistor radio was released in the l 950 's and consisted of just four 

germanium transistors. From this point onwards, the miniaturisation process evolved at a 

substantial pace, so much so that we can compare the first microprocessor launched by Intel 

in 1971 , consisting of 2250 transistors and measuring 1/8 by 1/6 of an inch with that of 

microprocessors built in the mid 1980's which contained some 275,000 transistors. Transistor 

sizes have continued to decrease, and more recently (May 2011) the first 22 nm 3-D tri-gate 

transistor was successfully designed and entered mass production. ' In keeping with the pattern 

of introducing a new technology generation every 2 years, the Intel technology roadmap 

suggests a continued size decrease down to 10 nm by 2015. Microelectronics technology has 

continued scaling down by introducing thinner gate oxides and shorter channel lengths. By 

scaling these devices down, improvements in speed, power efficiency and transistor density 

have thus far been achieved. 

This trend in miniaturisation was first vocalised in 1965 by Gordon Moore, formulator of 

'Moore's Law'.2 Moore famously predicted that the number of transistors in an integrated 

circuit would increase exponentially, doubling every two years, such was the demand for 

faster processors to perform complex electronic functions. When Gordon Moore made his 

prediction there were just 30 transistors on a single chip - at present they number a few 

hundred million which can be accommodated on just a few square centimetres of silicon, 

resulting in greater computing power and improved performance in devices such as PCs, 

mobile phones and satellites. Although the semiconductor industry continues to adhere to 

Moore's Law, the demand for ever-smaller and more powerful electronic devices has grown. 

Many limitations and obstacles are expected to arise within the next few technological 

generations. The continued development and improvement of lithographic tools has overcome 
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a number of issues with regards to concerns arising over scaling problems, although there are 

fundamental physical limitations that cannot be overcome. At such minute scales, the 

insulating gate oxide layer measures only a couple of nm thick, resulting in a substantial 

amount of current leakage from quantum mechanical tunnelling of electrons, which can lead 

to circuit failures.3 The solid solubility limit for silicon has already reached its saturation point 

for dopant atoms currently in use, having steadily increased for the past few decades. 

Eventually, it will no longer be feasible to continue reducing these silicon-based electronic 

devices, thus generating an essential drive in the diversification of current technology and 

exploration of alternative fabrication methods. 

1.2 MOLECULAR ELECTRONICS 

One approach to overcoming the miniaturisation threshold is the study of nanoscale molecular 

electronics,4-
8 which can potentially be utilised in hybrid silicon-molecular electronic devices. 

Such multidisciplinary endeavours have attracted great interest over the last 10 years, and are 

of interest to both the academic and industrial sectors. 

Defined as a system ranging from 1 to I 00 nm, nanoscale organic compounds were first 

proposed by Aviram and Ratner in 1974 as a pathway through which electrons could travel for 

use as functional electronic components.9 Organic compounds, some 30,000 times smaller 

than typical transistors, offer many potential advantages over their silicon counterparts, from 

their scalability, inherent ability to assemble and organise, to the ability to modify constituent 

parts in order to control their electiical characteristics. However, little is known about their 

reliability and long term stability w1der differing conditions. 10
•

11 At present, organic 

molecules have proved unstable at high temperatures, making them incompatible and 

therefore unsuitable for use in current device architectures. 

The simplest practical systems consist of one or more molecules sandwiched between two 

electrodes, using the bottom-up approach, and can be utilised as molecular counterparts to 

wires, 12
'
13 diodes 14 and rectifying junctions,15 providing they are able to offer a pathway for 

electron transport. These important electronic devices will be discussed in greater detail 

further on. The bottom-up approach consists of designing and manufacturing systems from 

the smallest possible component upwards, whereas the top-down approach involves reducing 
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bulk systems. The principle advantage, from a chemistry perspective, of the bottom-up 

approach is in the ability to form self-assembled monolayers (SAMs), allowing accurate 

control of dimensions and electrical properties of the organic components on a molecular 

length scale. 

1.3 PRACTICAL DEVICES 

1.3.1 MOLECULAR WIRES 

Molecular wires (MWs) are conceptually the simplest electronic devices, facilitating electron 

transport under the influence of electrical stimulus by providing an efficient pathway through 

which electrons can travel. As key components in circuits, MWs must be able to transport 

charge over distances of tens of angstroms, as well as being able to bond to a wide range of 

materials, from metal surfaces to biomolecules. As interconnects between a wide range of 

devices, including molecular switches, transistors and logic chips, several classes of 

molecular structures have been proposed, the most promising examples of which include n

conjugated organic molecules, DNA and carbon nanotubes (CNTs). 16•
17 

The most thoroughly investigated molecular wires at this time are planar conjugated 

hydrocarbons, with long-distance conduction occurring through the conjugated n-system. 

Already, polymerised wires such as poly(p-phenylene vinylene) have found applications in 

optoelectronics as organic light emitting diodes (OLEDs) for devices such as mobile 

phones. 18 
An example of this particular class is that of the rigid oligo(2,5-thiophene 

ethynylene )s, with the longest archetype measuring 12.8 nm in length (Figure 1.1 ). 19 

AcS 

Figure 1.1: A 12.8 nm long oligo(2,5-thiophene ethynylene) wire synthesised by Pearson and Tour.19 
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The presence of a dithiol element allows the wire to bond to a gold (Au) surface, thus 

enabling electrons to flow from the metal Fermi levels through the thiol molecular orbitals to 

the conjugated section of the system. Another example of a long functional molecular wire (7 

run) synthesised by a method other than self-assembly has been reported by Bryce et al. 20 The 

hexyloxy side chains ensure the system is soluble in organic solvents whereas the terminating 

thiol groups allow deposition of the system onto a gold electrode for electrical 

characterisation. Such studies, both experimental and theoretical, show an average 

rectification ratio <RR> of 1.0 at± 1 V, where the rectification ratio is defined as the ratio of 

forward to reverse current, providing an indication of the ability of the system to allow current 

to flow more readily in one direction than another. An <RR> of 1.0 at ± 1 V corresponds to 

the symmetrical nature of the wire, whereby current flows relatively freely in both directions. 

More recently, a n-bridged donor-acceptor molecular wire measuring ca. 5run has been 

synthesised via a six-step assembly process and verified using Sauerbrey analysis and X-ray 

Photoelectron Spectroscopy (XPS).21 

MWs constructed from biologically important materials such as deoxyribonucleic acid (DNA) 

strands have shown promising results in tenns of their conductivity. Barton and colleagues 

have reported a 34 run-long strand of DNA composed of 100 base pairs that are able to 

conduct low levels of current without being damaged.22 As with the previously discussed 

wires, DNA strands were bound in an upright, ordered monolayer to a gold surface using thiol 

linkers. It is interesting to note that a break in the sugar-phosphate backbone does not result in 

retarded current flow. Instead, it was a break in the base pairs that caused the current to be 

significantly reduced. This suggests that the helical n-orbitals of the stacked pairs provide a 

delocalised pathway for electrons or holes to travel. 

Although advantageous in sensor applications due to its sensitivity to envirorunental 

conditions, the relative ease at which DNA can be damaged has been found to have a 

detrimental effect on conductance through the wire. 23 Controversy also surrounds the issue of 

electron transport in DNA, with reports indicating behaviour analogous to insulating,24 

serniconducting25 and conducting devices26 respectively. This is thought to be due to the 

diversity of experimental approaches and conditions used. 

CNTs, first discovered in 1991 by Iijima and co-workers,27 are cylindrical constructs made up 

exclusively of covalently bound carbon atoms. These can be arranged in an armchair, zig-zag 
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or chiral pattern, depending on the orientation of the 6-membered ring. The seamless 

graphene tubes have many attractive physical and electronic properties, although difficulty 

remains in accurately controlling the chirality of the hexagonal lattice as well as diameter size, 

which can measure less than 1 nm. As the conductance is greatly dependent on these 

properties, 28 many theoretical and experimental studies have been carried out on a variety of 

CNTs. Of these, the majority were found to be semiconducting, with the remaining structures 

exhibiting metallic conduction characteristics.29 CNTs have undergone extensive testing and 

have proved extremely resilient with regards to environmental stresses. For example, rather 

than fracturing when bent, the tube buckles reversibly. This stress-induced tolerance, as well 

as their light weight, means CNTs are of great interest to the aerospace industry. Their 

performance m simulated space settings has been investigated with respect to their 

performance m vacuum, under exposure to large thermal loads and rapid temperature 

changes. Furthermore, CNTs exhibit an impressive resistance to corrosion, as shown in a 

comparison between the ability of CNT and stranded Cu wire to withstand acidic conditions.30 

After 8 days in IM HCI, the Cu wire began to show an increase in resistivity, whereas the 

CNT wire withstood a further 72 days before declining. This extensive list of desirous 

properties has resulted in many potential applications being proposed for CNTs, including 

energy storage,3 1 sensors,32 and molecular electronics devices.33 

1.3.2 MOLECULAR DIODES 

Acceptor a-bridge Donor 

0 OMe 

Electrode Electrode 

OMe 

Figure 1.2: A rectifying hemiquinone as suggested by Aviram and Ratner.9 

To be of use in practical electronic devices such as rectifying junctions and diodes, the 

organic structure in question must allow current to pass more readily in one direction than the 

other, as in a semiconductor p-n junction. The first theoretical organic molecular rectifier was 

proposed in 1974 by Aviram and Ratner9 and consists of an asymmetric hemiquinone 
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molecule that can be considered in three parts (Figure 1.2). Part 1 is a benzoquinone 

comprising an aromatic ring di-substituted with electron withdrawing C=O groups to produce 

an electron poor (accepting) unit. Part 2 again consists of an aromatic ring, this time tri

substituted with electron donating methoxy groups to generate an electron rich (donating) 

unit. By substituting an aromatic ring with electron-donating functional groups such as -NH2, 

-OH, -CH3, and -CH2CH3, that particular section of the system will become electron rich. This 

increase in the ring's electron density lowers the ionisation potential of that region, creating 

an electron donating moiety. In contrast, substitution via electron withdrawing groups such as 

-NO2, -CN, and -CHO decreases the electron density of the aromatic ring, thereby increasing 

the electron affinity and resulting in an electron accepting moiety. These donor and acceptor 

units are separated by an insulating cr-bridge to ensure that they do not interact electronically. 

If overlap were to occur between the donor and acceptor orbitals, the electron density of the 

whole system would be in equilibrium, with little resulting rectification. Hence the proposed 

molecules should consist of adjacent donor and acceptor moieties sandwiched between two 

electrodes, and separated by a linking group that impedes the movement of electrons between 

them. Thus, electrons will find it easier to move towards the electron-deficient area than to the 

electron-rich. Although theoretically ideal, the synthesis and subsequent electrical analysis of 

this initial molecule has not been undertaken, and to this day the hemiquinone remains a 

theoretical model for organic rectifying systems. 

The original model was soon adapted by replacing the single cr-bridge (Figure 1.2) with a 

triple cr-bridge (Figure 1.3 (a)). This maintains the electrical separation of donor and acceptor 

molecular orbitals as well as ensuring greater molecular rigidity. The acceptor and donor 

moieties were also replaced by tetracyanoquinodimethane (TCNQ) and tetrathiafulvalene 

(TTF), respectively. Again, this system h~s never been experimentally realised, although 

computational studies regarding their current-voltage (I-V) properties have been carried out 

(Figure 1.3 (b )) . The proposed rectification of this system can be considered with the aid of 

an energy level diagram (Figures 1.4-1.6). Here we can observe the energy levels inherent in a 

system whereby the molecule is sandwiched between two electrodes, the cathode and anode. 

As the acceptor possesses a high electron affinity (1-2.5 V) due to its electron-withdrawing 

nature and the donor a low ionisation potential (6-9 V) because of its electron donating nature, 

we would expect the LUMO level of the acceptor to be correspondingly lower than that of the 

donor LUMO level. At this point, when no voltage has been applied to the system, the energy 
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Figure 1.3: Aviram and Ratner proposed (a) a rectifying molecule consisting of an acceptor 

tetracyanoquinodimethane (TCNQ), donor tetrathiafulvalene (TTF) and a-bridge sandwiched between 

two electrodes and (b) the resultant theoretical 1-V characteristics.9 

levels can be seen displayed in Figure 1.4. Also shown are the intrinsic energy levels essential 

in the construction of an effective rectifier, with the acceptor and donor LUMO (green) and 

HOMO (red) levels separated by the internal tunnelling barrier (cr-bridge). Also shown is the 

work function, <D. For rectifying behaviour to occur under an applied voltage in the forward 

direction, the acceptor LUMO must lie at or slightly above the Fermi level of the cathode, and 

the donor LUMO as far as possible above the Fermi level of the anode (Figure 1.5). Similarly, 

to allow electron transfer from the donor HOMO to the Fermi level of the anode, these two 

should also be in close proximity, energy-wise. Upon application of a forward bias to the 

system, a two-stage process occurs, which can be summarised as: 

a) Electrons tunnel from the cathode to the Acceptor LUMO and from the Donor HOMO 

to the anode. 

CathodelA 0-cr-D01Anode 

b) Intramolecular electron transfer from left to right across the tunnelling barrier returns 

the system from the excited state to the ground state. 

Cathode +IA O -cr-D0JAnode · 
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When a reverse voltage is applied, the mechanism is energetically unfavourable due to the 

energy mismatch between the donor LUMO and Fermi level of the right hand electrode 

(Figure 1.6). This results in little to no current flow in the reverse direction under the 

equivalent bias voltage, and it is this crucial ability of the system to favour current flow in one 

direction and not the other that makes these molecules so beneficial to organic diode 

construction. 

v-o--- ----- -- ------------------- ---- ------ --- --- ---------------

<D 

Cathode 

Internal 
tu1melling 

barrier 

Donor Anode 

Figure 1.4: The Aviram and Ratner energy model for a rectifier with no applied voltage. 

Cnthode Acceptor Donor Anode 

Figure 1.5: The Aviram a nd Ratner energy JTIOdel for a rectifier under forward voltage. 

v-0--------------------- ------------------------------___ ____ ____ ____ _ 

V 

Cathode Acceptor Donor Anode 

Figure 1.6: The Aviram and Ratner energy model for a rectifier under reverse voltage. 

8 



A measure of flow bias is the rectification ratio (RR), whereby the greater the RR the larger 

the forward bias and smaller the reverse bias. 

Assuming the forward voltage (Va) is equal and opposite to the reverse voltage (V13). 

Equation l.1 

And that the value for Va is greater than the value for V13. 

Where RR = Rectification Ratio 

J(V v) = Voltage resulting in highest current 

I(V13) = Voltage resulting in lowest current 

Equation l.2 

Equation 1.3 

Although A viram and Ratner proposed using an insulating a-bridge to induce rectification, 

very few examples to date have been satisfactorily investigated; including an acceptor-a

donor system in which (TCNQ) derivatives are aligned by LB deposition onto a platinum 

substrate to form a metal I LB film I metal construct,34 and a TTF-a-acceptor derivative 

(Figure I . 7) contacted by alkanethiolate coated mercury drop electrodes. 35 

NC 

Figure 1.7: Acceptor-a-TTF, where R = 11-C5H 11 •
35 

The first experimentally achieved rectifier was a modification of the traditional A viram and 

Ratner donor-a-bridge-acceptor model, proposed by Ashwell, Sambles and co-workers in 

9 



1990.36 Rather than placing the electro-active portions, in this case a quinolinium acceptor and 

tricyanodimethanide donor moiety, on either side of a a-bridge, a n-bridge was introduced to 

create an-bridged metal I LB monolayer I metal junction (Figure 1.8). This novel approach to 

rectification was achieved by constructing hexadecylquinolinium tricyanodimethanide 

monolayers via Langmuir Blodgettry onto magnesium pads coated with silver. The circuit 

was completed by engaging a platinum electrode. The subsequent asymmetric 1-V properties 

displayed a RR of 2-8 at ± 1. 7 V (Figure 1.9). 

Electrode Electrode 

HYDROPHOBIC TAIL ACCEPTOR DONOR 
it-BRIO GE 

Figure 1.8: Molecular structure of a non-planar A-1t-bridge-D system.36 
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Figure 1 .9: 1-V plot for MgJC 16H33-Q3CNQJPt consisting of four LB layers.36 

Previously, the substitution of a a -bridge with a n-bridge had been discarded as it was 

believed the donor and acceptor orbitals would overlap, retarding rectification. However, the 



addition of sterically hindered groups around the central n-bridge results in a twisted dihedral. 

This in tum rotates the donor and acceptor orbitals out of plane and breaks the conjugation 

between them. By confining the electrons to either side of the n-bridge an effective tunnelling 

barrier can be generated. As well as being easier to synthesise than a cr-bridge, n-bridges 

create a more stable, rigid system resulting in more ordered packing. 

This model was initially met with a great deal of scepticism, with questions arising over the 

validity of the results. With respect to the electrodes, the initial investigation used two 

differing metals, magnesium and platinum. The difference in work function (3.66 eV and 5.64 

eV respectively) between these two electrodes can cause asymmetry in itself. Magnesium is 

also highly reactive and easily oxidised, meaning it is less than ideal for electrical 

characterisation. Another point of contention was the placement of the insulating hexadecyl 

chain. Whilst this is required for successful LB deposition, the resulting asymmetrical 

placement of the donor-n-bridge-acceptor unit between the electrodes could once again cause 

non-molecular rectification. 

To eliminate these concerns, further work was carried out by replacing the magnesium and 

platinum electrodes with two made of aluminium.37 This resulted in a RR of 2.4-26.4 at± 1.5 

V, thus disproving the notion that the difference in work function had caused the rectification. 

Metzger et al. 38 continued this work by replacing the electrodes with those of an oxide-free 

metal, gold, which led to further investigations by a number of groups and ultimately 

concluded that the observed rectification was indeed molecular in origin. 

Further research carried out by Ashwell et a!.39 confirmed the dependence of rectification on 

steric hindrance. A series of related quinolinium dyes were self-assembled onto an Au-coated 

substrate and contacted with a scanning tunnelling microscope (STM) tip to address their 1-V 

properties. The steric hindrance was gradually increased around the central n-bridge by the 

addition of aromatic benzene rings to first one side and then the other (Figure 1.10). 

Theoretical modelling of three of these molecules suggested the degree of twist between the 

donor and acceptor moieties increased from 10°, to 31 °, to 61 °. Once bulky groups such as 

benzene rings are introduced into the system the p-orbitals on either side are no longer aligned 

in such a way that they can interact to such a great extent. This effectively breaks the 

conjugation and increases the degree of rectification. The 1-V properties changed 

correspondingly, from symmetrical with a RR of 1, to asymmetrical with a RR of 11-18 and 
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then 50-150 at ± 1 V. With the higher current in the positive quadrant we can infer that 

electron flow occurred from the cathode (Au-coated substrate) to the acceptor and from the 

donor to the anode (STM tip). This improved rectification is therefore attributed to the 

increased steric hindrance around the n-bridge further isolating the donor and acceptor 

molecular orbitals, as well as having further implications with regards to the question of 

rectification induced by the insulating alkyl chain (Figure 1.10). As rectification was not 

witnessed in the single-ringed system (Figure 1.10 (a)), which included a C 10H20 chain, as 

well as in a corresponding system with a shorter C3H6 chain,40 it can be deduced that the 

presence of this moiety does not affect the 1-V properties of the system. 

Au 

CH3 
I 

N (a) Dihedral angle: 10° 
'cH3 Rectification ratio: 1 at± 1 V 

(b) Dihedral angle: 31 ° 
Rectification ratio: 18 at± 1 V 

CH3 
I 

N (c) Dihedral angle: 61° 
'cH

3 
Rectification ratio: 130 at± 1 V 

Figure 1.10: An example of the effect steric hindrance has on rectification. Note counterions are not 

included for clarity.39 

12 



2.0 MONOLAYER CONSTRUCTION 

This Section outlines three well-established monolayer construction techniques: Molecular 

self-assembly, Electrostatic self-assembly and Langmuir Blodgettry. Each of these fabrication 

methods is capable of assembling ordered and reproducible structures from different organic 

building blocks for physical and electronic investigation. As the metal-molecule bonding 

architecture is an important aspect of monolayer formation and hence has a great effect on 

current transport through that system, special attention is paid to the Au-S, Au-NH2 and Ti02-

COOH bonding mechanisms. 

2.1 MOLECULAR SELF-ASSEMBLY 

Self-assembly (SA) can be found to occur throughout nature, varymg m scale from the 

nanoscopic to the cosmological. In nature, this self-assembly process is governed by inter

and intra-molecular forces, such as hydrogen bonding and electrostatic interactions, which can 

lead to the spontaneous formation of organised and stable systems,41 · 42 of which there are a 

multitude of examples. Indeed, biological processes such as the formation of cell 

membranes43 and DNA transcription44 all utilise the self-assembly technique to construct 

important functional constructs. Of particular interest in this thesis is the highly interesting 

and topical field of molecular self-assembly,45 in which the organisation of previously 

disorganised organic molecules in solution or vapour into a stable system with long-range 

internal order has proved invaluable, with applications ranging from the biological to the 

electronic. 

Self-assembled monolayer (SAM) formation46-49 is a reproducible method of assembly 

involving the chemisorption or physisorption of a reactive headgroup to a solid substrate 

(Figure 2.1), with accounts describing the formation ofSAMs found as far back as 1946, with 

the formation of C20H410H films on glass.5° Control of the self-assembly process allows the 

surface modification of a variety of materials through the adjustment of terminating functional 

units. For example, a methyl or hydroxyl group would result in a hydrophobic or hydrophilic 

surface, respectively, which explains the popularity of organic materials in self-assembly. 
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This can be extended to include protein resistant groups for bio-applications as well as those 

that allow for further chemical bonding, such as amine and aldehyde moieties. The ability to 

custom design surfaces in this way has resulted in the identification and application of SAMs 

for numerous practical uses, including the formation of films to provide corrosion protection 

on copper surfaces,5 1 as well as chemical sensing52 and protein binding.53 

Figure 2.1: Self-assembly of thiols onto gold from solution.54 

The foremost advantage of SAMs is the ease at which a highly ordered monolayer can be 

deposited upon an appropriate substrate, although the number of suitable substrates is limited. 

When compared to physisorbed films produced by Langmuir-Blodgett deposition, self

assembly produces a much sturdier, stable system due to the formation of stronger, 

chemisorbed connections between substrate and monolayer.55 Although recognised as 

forming highly ordered monolayers, self-assembly cannot produce monolayers with long 

range order on par with LB films, and are more likely to contain defects. Important in the self

assembly process is the degree of contamination present, as even a small amount of 

undesirable material can have a considerable impact on the long-range order of the assembled 

system. Reports of this include the impeded assembly of single stranded thiolated DNA 

oligomers on gold due to the presence of a dithiothreitol contaminant.56 

2.1.1 THE GOLD-SULFUR BOND 

A well-characterised example of self-assembly is the chemisorption of sulfur to gold, first 

reported in 1983 by Nuzzo and Allara, 57 which results in a strong covalent bond ( 40-45 kcal 

mor') of a slightly polar nature.58 This is favourably comparable to anchoring groups such as 
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amines (-NH2), which bond through the nitrogen lone pair to form a weak bond with gold (9-

18 kcal mor1
) ,

59
-
61 and carboxylic acids (-COOH), of which the bonding is not completely 

understood (2 kcal mor1).62 Although amines exhibit a far lower binding energy to gold than 

thiols, SAMs of diisocyanide and ethynylbenzene anchored to gold have been constructed and 

used in molecular conductance experiments. Commonly used in self-assembly, gold is a 

favourable choice of substrate as it is readily available and less prone to oxidation than some 

other transition metals, such as silver. However, the choice of substrate depends on that which 

you wish it to chemisorb to. For example, as well as gold, thiol groups readily chemisorb to a 

wide range of metals, including mercury,63 iron, platinum64 and palladium.65 

In the case of simple alkanethiols, the loss of hydrogen from the thiol headgroup (R-SH) 

results in a negative charge, which then leads to a high affinity bond between the negatively 

charged molecule (R-S-) and positively charged gold surface (Au3+). Ab initio studies have 

reported a net charge on the sulfur of between -0.4 and -0.7 of an electronic charge (e) for 

thiolates on Au (111), depending on the adsorbed configuration.66 Experimental data on 

alkane thiols of varying hydrocarbon chain lengths has shown a lower net charge on the sulfur 

of ~ -0.2e.67 
Hence surface active sulfur containing SAMs, such as thiols, (R-SH), disulfides 

(R-S-S-R), thioacetates (CH3C(O)SR) etc.,68
-
70 can be utilised in contacting gold surfaces. An 

example of this can be seen in Figure 2.2, which details the chemisorption of a thiol

containing system to a gold substrate and the addition of subsequent layers via a condensation 

reaction. 

In order to control and predict the behaviour of such systems, it is essential to understand the 

underlying processes involved in the self-assembly of organo-sulfurs to gold. However, 

despite the considerable theoretical and experimental reports into this process, understanding 

the specific interactions between the sulfur headgroup and gold surface is still proving 

controversial. For many years, theoretical investigations of the system relied upon the 

assumption that alkanethiols are static and confined to a threefold hollow site on the Au( 111) 

surface.
71 

More recent theoretical and empirical data, however, has revealed that for a system 

consisting of a low surface coverage of alkane thiols, the sulfur headgroup has a certain 

degree of surface mobility, rather than being bound to one distinct site.72 This degree of 

surface mobility is expected to be restricted for the formation of a complete monolayer with 

total surface coverage, as the transition from a lying down to upright conformation results in 
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Step 1 AuJ-s \ _ _1J~_// o-,~H 
Step 2 

Step 3 

Figure 2.2: A three-step assembly process carried out by Ashwell et al. , whereby aldehyde and amino 

functional groups chemically couple to form a three-component molecular wire.21 

Van der Waals interactions between adjacent alkyl chains, and an Au-S-C bond angle of 

120°.
73 

Generally, theoretical calculations based on first principles Density Functional Theory 

(DFT) of simple alkanethiols adsorbed to gold have, in the past, consistently indicated a 

highly coordinated, symmetrical, threefold hollow configuration to be energetically 

favourable, and is often referred to as the standard model. 74
,
75 Although still prevalent in 

recent literature, reports have also been made of systems whereby binding of the sulfur 

headgroup can occur on the bridge site between two gold atoms, 76 believed to be due to steric 

repulsion between the sulfur atom and third gold atom in the hollow site, or singly 

coordinated on an atop site (Figure 2.3).77
'
78 The latter configuration has thus far proved to be 

energetically less favourable than the two alternatives, with a difference in binding energy of 

up to 9 kcal mor' . Investigations in this field have also shown that the strong chemical bond 

between sulfur and gold reduces the strength of the bonds between the attached gold atom and 

its neighbours, allowing gold atoms themselves to become more mobile. 79 This mobility is 

reduced as the amount of adsorbed material increases due to the attractive interactions 

between alkyl chains. Grain migration can lead to the formation of atomic gold islands and 

pitting of the Au electrode to a depth of 0.2-0.3 nm. 
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Figure 2.3: Possible bonding configuration of a sulfur headgroup to gold include (a) a threefold hollow 

site, (b) twofold bridging site or (c) an atop site over a single gold atom. 

2.1.2 THE GOLD-AMINE BOND 

In-depth studies of the gold-amine bond are numbered far fewer than those of the gold-sulfur 

bond, although they are being increasingly reported in the field of molecular electronics. 

Theoretical DFT calculations carried out by Venkataraman et al. 80·81 to determine the 

preferential binding site of amines to gold atoms indicate that bonding does not occur in 

bridging or hollow sites. Instead, nitrogen is expected to couple with a coordinatively 

unsaturated Au adatom. With respect to their bonding abilities, theoretical studies exploring 

the binding mechanism of amines to gold have thus far revealed a number of potential 

possibilities. Fagas and Greer82 compared the bonding of NH2CH3 with its dehydrogenated 

NHCH3 form to metallic gold clusters (Figure 2.4), the energies of which were calculated 

using DFT and Hartree-Fock methods. In line with previous studies carried out by 

Venkataraman et al. , it was assumed the nitrogen atom would bind to gold in an under

coordinated atop site. The calculated Au-N bond distances were given as 2.38 A for 

AuNH2CH3 and 2.03 A for the dehydrogenated form. The apparent shortening of the Au-N 

bond was also observed m an x-ray crystal study on the bonding of 2-

(diphenylthiophosphine)aniline and its dehydrogenated form to Au, wherein Au-N bond 

lengths of 2.157 A and 2.055 A were recorded respectively.83 C-N bond lengths were also 

seen to decrease from 1.448 A to 1.358 A, whilst the Au-N-C angle widened from 121.4° to 

129.9°. This is consistent with a change in hybridization of the nitrogen atom from sp3 to sp2. 

This provides unequivocal evidence that both forms can exist, with those structures exhibiting 

shorter bond lengths occurring due to the formation of a strong covalent bond. This is 
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reflected in the bond energies calculated by Fagas and Greer, of -1.59 eV for AuNHCH3, 

compared to -0.59 eV for AuNH2CH3.
82 However, the relative energies of the two systems 

reveals the AuNH2CH3 form to be the most stable and energetically favourable, with bonding 

occurring through the nitrogen lone pair. A separate DFT-based study also indicates the 

preferential electronic coupling of amines to gold via the available lone pair by delocalisation, 

with a lower binding energy than that of thiols to gold. 61 Because of this, amines are thought 

to form chemically unstable monolayers with little long-range order on Au (111) surfaces 

when deposited from solution. However, Xu et al. 84 have reported that vapour-phase 

deposition of amine terminated alkyl chains may result in an ordered and stable monolayer, 

albeit under specific conditions. However, although nitrogen-based anchoring groups are 

becoming ever more popular in single molecule conductance studies, direct experimental 

evidence to identify the nature of the binding structure is still lacking. 

(a) (b) 

Figure 2.4: Molecular model used to investigate the bonding of (a) an amine to gold and (b) the 

corresponding dehydrogenated amine to gold.82 

2.1.3 THE TITANIA-ACID BOND 

Interest in SAM construction on titania (TiO2) surfaces has arisen in part due to the desirable 

photocatalytic properties of Ti 0 2, and in part because of the ease in which the properties of 

SAMs can be tailored. This allows properties such as surface hydrophobicity and charge 

conduction to be altered depending on the desired effect. Interest in this area is very much 

multi-disciplinary, with potential applications arising in the fields of photocatalysis,85 

microelectronics,86 and corrosion protection87 and biomedicine.88 An example of the latter 

category is that of the improved compatibility between blood and titanium-based biomaterials 

as reported by Yang et al.88 By self-assembling a hydrophobic 1H,1H,2H,2H-perfluorooctyl-
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triethoxysilane monolayer on a layer of Ti02 nanotubes, which are in turn assembled on an 

underlying titanium substrate, blood compatibility and anti-coagulation performance was 

found to have greatly improved. 

The chemical modification of Ti02 surfaces by the addition of SAMs can be achieved via the 

well-characterised addition of organic anchoring groups such as organosilanes (C-Si),89 

isocyanates (N=C=O), phosphonic acids (C-PO(OR)2)90 and carboxylic acids (COOH).9 1 In 

particular, carboxylic acid-modified Ti02 surfaces can be utilised in the construction of dye 

sensitized solar cells by providing an efficient conduit for electrical current between the dye 

and substrate. The assembled layer therefore acts as an intermediary between the Ti02 surface 

and dye molecule. With regards to the application of SAM-modified Ti02 in the field of 

microelectronics, there are many encouraging reports, including the construction of MOSFET 

transistors and capacitors.92 However, one disadvantage of using Ti02 in such devices is the 

existence of a relatively high leakage current, thought to be caused by impurities.93 

(a) (b) (c) (d) (e) (f) 

Figure 2.5: Possible binding forms of a carboxylic group on TiO2: (a) electrostatic attraction, (b), (c) 

hydrogen-bonding, (d) monodentate, (e) bridging and (f) chelating. 

Despite the interest in surface-modified Ti02, the exact nature of the carboxylic acid-Ti02 

bond is still under much debate. Typically, adsorption occurs at the metal oxide surface 

through either an electrostatic, hydrogen-bonding, monodentate, bidentate, bridging or 

chelating coordination mode with the deprotonated carboxylic acid as illustrated in Figure 

2.5.94 
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2.2 MOLECULAR WIRE EXTENSION 

After the initial self-assembly step involving metal-molecule bonding, subsequent layers may 

be attached providing the functional groups on the contacting ends interact well with one 

another. One such example of this involves the ability of amine and carbonyl groups to react 

with one another to from imine bonds, and has proved a useful method by which to extend 

conjugated systems.95
•
96 Of particular interest is the potential for carbonyl-terminating 

monolayers to anchor a diverse range of biologically important amine-containing molecules, 

such as enzymes, to a metal surface.97 Consisting of carbon-nitrogen double bonds, imines are 

reversibly formed when a primary amine reacts with either an aldehyde or ketone. This results 

in the elimination of water in the presence of an acid catalyst. Figure 2.6 details the initial 

nucleophilic addition between an aldehyde and amine, resulting in a tetrahedral hemiaminal 

intermediate, before the elimination of water reveals the final imine product. 

Figure 2.6: Reversible imine formation between an aldehyde and amine via an intermediate. 

The reversibi lity of the reaction can be influenced by a myriad of factors, including but not 

limited to, solvent, pH and temperature, as well as steric and electronic aspects. It is this 

ability to control the direction in which the reaction occurs (towards either the formation or 

cleavage of a covalent imine bond) that has resulted in their utilisation in numerous synthetic 

chemical applications.98 These range from the formation and extension of self-assembling 

systems, 99
• 
100 

synthetic rotary switches 101 and molecular cages 102 to the more recent synthesis 

of covalent-organic frameworks. 103 

2.3 ELECTROSTATIC SELF- ASSEMBLY 

Electrostatic self-assembly (ESA) is based on the electrostatic attraction between oppositely 

charged particles. Multilayer films can be formed by alternately depositing these anions and 
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cations onto a suitable substrate (Figure 2. 7), which can range from planar surfaces to colloids 

and biological cells. This results in a uniform film that can encompass a range of length 

scales. The initial monolayer usually consists of an anion or cation-containing polyelectrolyte, 

which is able to form organised constructs from solution. This covers a wide range of 

materials, including electro-active polymers, 104 inorganic compounds, 1 os proteins 106 and 

dyes, 107 to name but a few. 

Adsorption Adsorption 
--------; .... ,,._ 
Bola-dianion Bola-dication 

Figure 2.7: The successive deposition of oppositely charged polyelectrolytes. 

ESA, also known as layer-by-layer sequential adsorption or ionic self-assembly, was first 

introduced in I 966 by Iler, 108 who reported the fonnation of multilayer films consisting of 

alternating positive and negatively charged colloidal particles. Research in this area remained 

relatively elusive until a paper detailing the construction of polymeric thin films of oppositely 

charged polyelectrolytes was published in I 991. 109 Since then, many systems fonned in this 

manner have been investigated, in particular due to the advantage of being able to adapt and 

modify a surface depending on the desired surface-object interaction. Applications, of which 

there are numerous, include but are certainly not limited to biocatalysis, 110 anti-static 

coatings,1I1 sensing, I12 drug delivery, I 13
•
114 and surfaces that exhibit certain adhesion1I5 or 

. · 11 6 wettmg properties. 

The largest described and confirmed RR reported to date for such systems is 3000 at ± 1 V, a 

competitive value for the current metal-insulator-metal devices used in circuitry, as reported 

by Ashwell et al. 14 The organic rectifying junction was formed by the initial deposition via 

chemical self-assembly of a cationic moiety, followed by the subsequent ionic coupling of a 

counterion (Figure 2.8 (a)). The 1-V properties were then measured by contacting the system 

with non-oxidisable electrodes (Figure 2.8 (b )). 
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Figure 2.8: (a) The copper phthalocyanine-3,4',4",4'"-tetrasulfonate salt Au-S-C10H20-A +-n-DIO-IAu 

structure exhibiting (b) a RR in excess of 3000 at± 1 V. 14 

2.4 LANGMUIR-BLODGETT 

The Langmuir Blodgett (LB) technique was developed jointly by Langmuir and Blodgett in 

the early twentieth century, inspired by work carried out by Pockels 117 and Rayleigh 11 8 on the 

influence of oil films on water surfaces. In 1917, Langmuir developed specialist equipment 

with which to study floating monolayers on water surfaces 119
• Further work published by 

Blodgett in 1935 reported the first deposition of a fatty acid floating monolayer onto a solid 

glass substrate. 120 This, in combination with Langmuir's work, has led to a technique that 

allows the formation and deposition of ordered monolayers, or LB films. 

Langmuir-Blodgettry usually reqmres that the material of interest, the surfactant be 

amphiphilic. Thus, it will consist of both a hydrophobic (e.g. hydrocarbon chain), as well as 

hydrophilic component (e.g. carboxylic acids, amides, amines). One such example, stearic 

acid, can be seen in Figure 2.9. This particular arrangement causes the surfactant film to 
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become 'trapped' at the interface between two phases e.g. liquid-liquid or gas-liquid, typically 

air-water. This results in the hydrophilic region pointing down into the aqueous layer, and the 

hydrophilic section pointing up into the air. This, however, is only the case if the 

hydrophobic section is sufficiently large, otherwise the entire molecule will be pulled down 

into the water. 

0 

OH 

'---------- - -v---- ---------' ~ 

HYDROPHOBIC ALKYL CHAIN HYDROPHILIC HEADGROUP 

Figure 2.9: Stearic acid, an amphiphilic molecule consisting of a hydrophobic 

alkyl chain and hydrophilic headgroup. 

To create an organic thin film, the material of interest must be dissolved in a solvent which is 

chemically inert towards the material being used, volatile and insoluble in water, such as 

chloroform or methanol rather than acetone or isopropanol. This is essential otherwise the 

solvent, and any material dissolved in it will be carried into the water, instead of forming a 

floating monolayer at the air-liquid interface. Once dissolved in a suitable solvent, the 

material is then deposited drop-wise using a microsyringe, whereby the solvent will evaporate 

to leave a film at the air-liquid interface. Initially, the film possesses little to no long-range 

order, and is in what is known as a gas phase (Figure 2.10 (a)). At this point the 

intermolecular distance between molecules is great and thus the molecular interactions small. 

As pressure is applied, the film is further compressed, passing through both liquid and solid 

phase (Figure 2.10 (b) and (c)), indicating changes in molecular orientation and packing to 

produce a monolayer with long-range order. If the film is compressed beyond the solid phase, 

a point of collapse will be reached, at a collapse pressure, whereby areas of the film will either 

slide over one another to form multilayers or be ejected from the monolayer (Figures 2.10 ( d) 

- (e)). This is indicated by a sharp decrease in surface pressure and is not necessarily uniform 

across the film, leading to areas of uncollapsed material and ridges of ejected material. This 

transition can be seen as gradient changes in a system's pressure-area isotherm (Figure 2.11). 

However, in practice, these transitions may not be well-defined and hence difficult to observe. 

With a known concentration of surfactant, the area per molecule can be calculated. 
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(a) (b) (c) 

(d) (e) (t) 

Figure 2.10: As the fil m is compressed, the surfactant will typically go through the (a) Gas phase (b) 

Liq uid phase (c) Solid phase. If further compression occurs the floating monolayer may collapse, 

result ing in the ejection of material to form ridges (d) or result in the formation of mult ilayers (e)-(t). 
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Figure 2.11: A typical isotherm of stearic acid showing transition through the (a) Gas phase (b) Liquid 

phase (c) Solid Phase and (d) Collapse. 

A pressure-area isotherm should be obtained to determine the appropriate pressure at which to 

deposit the film onto a solid substrate, whilst also providing details such as surface pressure, 

molecular area and, hence, the packing characteristics of the film e.g. orientation and degree 
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of order. Once this has been achieved, an appropriate substrate can be chosen, and the 

amphiphilic film can be deposited onto either a hydrophilic or hydrophobic substrate in one of 

three types; X, Y or Z. Y-type deposition, involves transfer of the floating monolayer onto a 

solid substrate on the upstroke. The next layer is deposited on the downstroke so that the 

hydrophobic tails are aligned in parallel to one another. Subsequently, multilayers comprised 

of this head to head and tail to tail an-angement are formed (Figure 2.12). X-type multilayers 

are deposited repeatedly on the downstroke (Figure 2.13) and Z-type multilayers on the 

upstroke (Figure 2.14). 

(a) (b) (c) 

Figure 2.12: (a) Y-type deposition is carried out by alternating the upstroke and (b) downstroke to form 
(c) a head-tail-tail-head arrangement. 

(a) (b} 

Figure 2.13: (a) X-type deposition is carried out on the downstroke to form (b) a tail-head-tail-head 
arrangement. 

(a) (b) 

Figure 2.14: (a) Z-type deposition is carried out on the upstroke to form (b) a head-tail-head-tail 
arrangement. 
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3.0 CHARACTERISATION TECHNIQUES 

Whenever a new material or device is created, a thorough analysis of its physical properties 

must be undertaken. In the case of SAMs, the ability to monitor the self-assembly process is 

available in the form of a Quartz Crystal Microbalance (QCM). This method of characterising 

the adsorption profile of individual monolayers allows a high level of confidence in the 

subsequent electrical characterisation. A complementary technique to QCM analysis is X-ray 

Photoelectron Spectroscopy (XPS), which allows the further exploration of surface properties. 

In particular it can verify the elemental composition and orientation of adsorbed molecules on 

metallic surfaces. 

Of particular interest in the field of molecular electronics is the electrical characterisation of 

organic devices. Once the system has been formed and analysed using the afore-mentioned 

physical characterisation techniques, its electrical properties can be probed using a Scanning 

Tunnelling Spectroscopy (STS). 

3.1 PHYSICAL CHARACTERISATION 

3.1.1 QUARTZ CRYSTAL MICROBALANCE 

""4~-- Metal contact 

Back electrode 

Figure 3.1: Schematic of a quartz crystal used in the self-assembly process. 
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First observed in 1880 by Pierre and Jacques Curie, 121 the piezoelectric effect is the reversible 

ability of certain crystalline solids to mechanically deform under the influence of an electric 

potential. QCM allows the rate of deposition of a mass onto a piezoelectric quartz crystal 

surface (Figure 3.1) to be obtained and thus the total surface coverage and area occupied by a 

single molecule may be calculated. This is done by measuring the frequency before and after 

mass has been deposited onto the crystal and hence, the change in frequency. The change in 

thickness due to deposited material affects the resonance of the crystal, causing the frequency 

to decrease from its original, clean value. The total surface coverage can be measured in time 

increments until the values reach a plateau, implying that maximum surface coverage has 

been reached (Figure 3.2). To ensure that no physisorbed material remains on the surface to 

hamper further depositions, the substrate must be thoroughly washed with appropriate 

solvent. 

3 ~~.-------------, 

• 
• 

• • 
• 

• • 
• • • • Xxxxxx xxxx x • • • • • • 

0 L..,_ _ _.__ __ ,__, __ ...._ , _ __._ _ __, 

0 100 200 300 400 500 
Time/min 

Figure 3.2: An example of QCM readings carried out for the deposition of (x) Au-S-(CH 2) 3SO3-Na + and (•) 

cationic N-methyl-5-(4-dibutylaminobenzylidene)-5,6,7,8-tetrahydroisoquinolinium iodide. A plateau can 

clearly be seen for both fragments. 122 

The relationship between oscillation frequency and mass was first quantified by G. Sauerbrey 

in 1959 123 and is shown in Equation 3.1. However, this formula, developed for oscillation in 

air, only applies to rigid and homogeneous thin films. It was King, 124 in 1964 who first 

demonstrated the use of quartz crystals in such a way as to detect the presence of mass on a 

surface. Initially, the QCM was regarded, and utilised, as an exclusively gas-phase nanogram

scale mass detector until the 1980's with reports of QCM measurements made with the crystal 

either partially or completely submerged in a liquid.125 Kanazawa126 provided the first 
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quantitative description of the influence of liquids on oscillation frequency. Since then, this 

simple, highly-sensitive technique has been refined to the point whereby a single layer of 

atoms can be detected, for practical applications such as drug delivery, 127 biochemical 

sensors, 128 polymer coatings129 and gas sensors, 130 to name but a few. 

Amo! = Area per molecule (nm2
) 

Jo = resonance frequency of crystal prior to deposition (Hz) 

4/ = frequency change upon deposition (Hz) 

pq = density of quartz (gm-3) 

µq = shear modulus of quartz (gm·1s·2) 

MM= molecular mass of deposited molecule 

Equation 3.1 

Furthermore, the QCM technique can be combined with complementary analytical methods 

such as interfacial electrochemistry, allowing for simultaneous gravimetric and 

electrochemical studies. Electrochemical QCM (EQCM) measurements enable the 

electrochemical processes involved in the step-by-step formation of thin films to be examined, 

specifically the oxidative adsorption (Equation 3.2) involved in the construction of SAMs 

onto a metal electrode, as well as the reductive desorption process (Equation 3.3) in removing 

them. The resulting anodic and cathodic peaks provide information on monolayer stability131 

and orientation, 132 adsorption energy133 and formation kinetics. 134 An early example of this 

technique involved monitoring mass changes accompanying the oxidation of 

poly(vinylferrocene). 135 This combination of simultaneous gravimetric and electrochemical 

studies carried out in parallel allow the electrochemical adsorption and desorption of a 

monolayer to be directly related to the change in frequency upon application and removal of 

material. 

RSH+Au RS-Au + H+ Equation 3.2 

RS-Au + e· --- RS- + Au Equation 3.3 
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3.1.2 X-RAY PHOTOELECTRON SPECTROSCOPY 

XPS is a surface sensitive analytical method which allows the quantitative and qualitative 

analysis of a multi-element system to be analysed, providing detailed information on the 

chemical and electronic state of each element present. It does this by utilising the 

photoelectric effect, which was first discovered in 1887 by German physicist H. Hertz, and 

published in a paper entitled "On an effect of UV light upon the electrical discharge". 136 

Shortly afterwards, Stoletov established the laws of the photoelectric effect, although the 

theoretical foundations of the photoelectric effect weren't laid down until 1905 by A. 

Einstein. He suggested that core electrons present in atomic orbitals within a material were 

able to absorb photons, resulting in either the light being re-emitted, in the case of a photon 

possessing energy less than that of the electron, or an electron being ejected, if the photon has 

energy equal to that of the electron. By 1907 the first XPS spectrum had been recorded by P. 

Innes, using a photographic plate to measure the deflection of photoelectrons in a magnetic 

field. However, it wasn' t until many years later in 1954 that Professor K. Siegbahn and co

workers 137 created the first high resolution electron spectrometer using Ka radiation to observe 

the chemical shifts of a metal and its oxides. Systematic examination later revealed separate 

characteristic peaks for the two sulfur atoms present in Na2S2O3, allowing the two sulfurs to 

be separated and identified by their differing chemical environments. By 1969 the first 

commercial monochromatic XPS instrument was produced. 

The XPS technique requires a radiation source, typically monochromatic Al Ka, Mg Ka x-rays 

or synchrotron radiation with which to irradiate a sample. Once irradiated and ionised by a 

beam of photons, core electrons are emitted from ca. 10 nm of the sample, allowing the 

energy distribution to be measured. Electrons released from the surface, or near-surface will 

experience little to no energy loss, whereas those released from the bulk of the material at a 

greater depth will undergo an amount of energy loss due to inelastic scattering. This results in 

a certain amount of noise in tlie resultant spectrum, which can be reduced by carrying out 

analyses under ultra-high vacuum conditions, thus eliminating the interference produced from 

collisions inside the instrument. Each element produces a characteristic set of XPS peaks at a 

characteristic binding energy, thus allowing any and all elements with an atomic number 

greater than 2 (and therefore excluding hydrogen and helium) to be identified, as well as 

being sensitive enough to distinguish between the same element in different chemical 

environments. The number of electrons ejected from each e lement can be directly correlated 
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to the amount of that element present within the sample area by the implementation of a 

simple formula. This formula requires the signal intensity, and therefore the number of 

electrons detected, to be divided by a relative sensitivity factor to reveal the concentration, or 

atomic percentage value of the element in question, thus providing a quantitative analysis of 

the sample. 

Furthermore, the simple XPS technique can be extended with the use of non-destructive 

angle-resolved XPS (ARXPS). 138 This can be used to create a depth-distribution profile and 

thus determine the orientation of a molecule on a surface. Typically, non-angle resolved 

studies are obtained at a photoelectron take-off angle 0, of 90°. At an angle perpendicular to 

the sample surface, the electron escape depth is expected to be at its greatest, allowing the 

photon beam to penetrate deep within the monolayer to yield maximum results (Figure 3.3 

(a)). By revolving the sample, the photoelectron take-off angle is decreased, and the exit angle 

of the emitted electrons is shallower (Figure 3.3 (b )). This means the majority of the signal 

retrieved is from the surface or near-surface area, with any remaining signal from deeper 

within the system. Angle-resolved XPS usually requires studies to be carried out at a range of 

angles. This allows us to examine the signal intensity ratio of peaks of interest, which can be 

shown to increase or decrease depending on whether the element of interest is closer to the 

surface or at a greater distance into the bulk of the sample. 139 

Experimentally, an XPS machine consists of a monochromatic x-ray source, sample holder, 

and analyser to record the electron distribution in terms of their kinetic energies. The 

technique itself has a wide range of applications, from quality control 140 and catalysis141 to the 

characterisation of a wide range of materials such as organic electronics, 142 paints 143 and 

polymers. 144 
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Figure 3.3: An example of ARXPS shows that at (a) high electron emission angles, the maximum depth 

profile can be analysed and at (b) grazing electron emission angles less information is received from the 

bulk of the sample, making the technique more surface sensitive. 

3.1.3 INFRARED SPECTROSCOPY 

The existence of infrared radiation was first discovered by Herschel at the start of the 19th 

century145 and within eighty years, hundreds of compounds had been characterised by infrared 

spectroscopy. In this way, each compound could be associated with its own unique infrared 

sp.ectra, with particular absorption peaks relating to specific groups within the molecules. 

The infrared region of the electromagnetic spectrum consists of radiation which can be 

converted into vibrational and rotational energy within a molecule. Of most interest is the 

range of radiation lying between 400 and 4000 cm-1
• 
146 It should be noted that in order for a 

molecule to absorb infrared radiation, the vibrational motion must be associated with a net 
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change in dipole moment of that molecule, and it is for this reason that diatomic molecules 

such as 0 2 and N2 cannot be examined within the infrared region. 

Samples can be prepared as gases, liquid samples or solutions147 between NaCl plates, or as a 

solid integrated into a KBr disc. These salt preparations are convenient for use in infrared 

studies as neither of them exhibit peaks in the region of interest. The spectrometer works by 

directing infrared radiation of varying wavelengths into the as-prepared sample. The radiation 

can either be absorbed to a certain degree by the molecule, or transmitted with almost no 

energy loss. Absorption occurs when the frequency of radiation is equal to the vibrational 

frequency of a particular bond, the energy of which is transferred to the molecule. Possible 

vibrational modes include symmetric and asymmetric stretching, as well as bending via 

scissoring, wagging, rocking and twisting. Thus the presence of different structural 

environments will lead to the absorption of varying frequencies at varying intensities, 

demonstrating that a molecule's ability to absorb infrared radiation is characteristic of its 

structure. 

Infrared spectroscopy is a simple and reliable method of analysis which has proven 

indispensable in structure detennination and verification across a range of disciplines. From 

quality control to microelectronics, IR spectroscopy provides both quantitative and qualitative 

data on a plethora of chemical systems. Of particular interest is the successful application of 

infrared spectroscopy in the field of molecular electronics, 148 with examples including 

structural analysis of n-alkylthiol monolayers on gold, 149 and that of organic nanotubes based 

on a cyclic peptide architecture. 150 

Infrared spectroscopy is often used in conjunction with other analytical techniques, such as 

optical microscopy, 151 thermal analysis 152 and dielectric spectroscopy. 153 Dielectric, or 

Impedance spectroscopy is a non-destructive, non-invasive method of measuring the 

permittivity of a solid sample as a function of frequency. The energy absorbed during 

impedance measurements causes an increase in a polar molecules' rotational energy, 

providing information on individual molecules as well as systems of molecules and the forces 

between them. 153 
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3.2 ELECTRONIC CHARACTERJSATION 

3.2.1 SCANNING TUNNELLING MICROSCOPE 

The development of the Scanning Tunnelling Microscope (STM) allows us to measure and 

characterise the electrical properties of individual molecules as well as translating surface 

irregularities into topographical images of a conducting surface at the atomic level. 

The STM was developed in 1981 by G. Binnig and H. Rohrer, 154 who later shared the 1986 

Nobel Prize in Physics for their work. Commercially available in the 1990's, the STM has 

since been adapted to develop a variety of other probing techniques, such as the Atomic Force 

Microscope (AFM) and Scanning Near-field Microscope (SNOM). STM has proved ideal for 

the electrical characterisation of conducting organic materials in a variety of conditions -

including operation in vacuum, air and liquid environments. Although the injection of charge 

across organic moieties is non-destructive, 155 reversible changes to the systems, such as the 

temporary storage of charge by the monolayer can occur. However, this charge will then 

dissipate, but may result in some hysteresis effects. 

Mounted sample 

Figure 3.4: A close-up view of the STM. 

The experimental setup consists of two electrodes, as seen in Figure 3.4; one is an atomically 

sharp, well-defined, tip, usually a Pt-Ir (80/20) alloy, W or Au and the second is the 

electrically conductive surface upon which the substrate has been deposited. The tip, in this 
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case Au, is less prone to oxidation than tungsten, forming only a thin oxide layer, as well as 

being highly conductive and exhibiting an affinity for many elements. For this reason, Au is a 

popular choice of substrate in monolayer characterisation. This is brought into near contact 

with the substrate, with the tip-surface distance connected to, and regulated by a bias voltage 

and current set-point. The bias voltage is defined as the potential applied between the tip and 

surface, and the current set-point is the target current and therefore height at which the tip will 

remain above the surface. Therefore, increasing or decreasing the current set-point results in 

the tip advancing or retracting respectively. The direction of current flow can be controlled by 

applying a positive or negative bias voltage, allowing electrons to tunnel from either the tip to 

the sample or the sample to the tip. The. tip ' s position can also be strictly controlled in the x 

and y-axis parallel to the surface using three orthogonally placed piezoelectric crystals, 

allowing sub-nm precision (Figure 3.5). 

Control voltages for piezotube 

Distance control 
and scanning unit 

Data processing 
and display 

Figure 3.5: Schematic view of an STM. 156 

At this point it should be noted that the tip itself does not make physical contact with the 

surface. Instead, once the tip is close enough to the surface, electrons are able to quantum 

mechanically tunnel through the potential barrier (the insulating air gap between the two 

electrodes) to the substrate. This results in a tunnelling current between the probe and film. 

As the electron passes through the potential barrier, its wavefunction decreases exponentially, 

i.e. there is a limiting gap between the electrode tip and surface. Thus even a minute change in 
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the tip to sample distance can have a large impact on the tunnelling current. If the gap is 

adequately small , the wavefunction will not have a chance to decay completely and there is a 

probability that the electron will be on the opposite side of the barrier from which it started, 

with the same energy but lower amplitude. This results in a rectification ratio, rather than 

absolute conductance due to the electron's wavefunction decaying as it passes through the 

potential barrier. The rectification can be quantified using the ratio of current in the positive 

and negative quadrants at a particular voltage, usually ± 1 V, as illustrated in Equation 1.3. 

From this we can see that the greater the ratio between the two values, the more effective the 

rectifying ability of the system in question. An ideal rectifier would be expected to have an 

infinjte rectification ratio. Important to note is the potential drawback to the STM technique in 

the presence of the afore-mentioned tunnelling barrier. As the two contacts are asymmetrical, 

one being chemica lly bound to the electrode and the other not, the current-voltage 

characteristics may also demonstrate a slight asymmetry. This is thought to be limited to a RR 

of less than 10 where it would not otherwise be expected. 

The STM can be run in either a constant current or constant height mode of operation. In 

constant current mode (Figure 3.6 (a)) the atomically resolved surface topography can be 

imaged in real-time by using a feedback loop in the applied potential to ensure the tunnelling 

current between tip and sample remains relatively constant, allowing any height adjustments 

during a scan to be translated into an atomic-scale topographical image of the surface. The 

constant height mode (Figure 3.6 (b)), whereby the tip remains at a constant height above the 

surface, allows any changes in tunnelling current to be monitored and a sample 's current

voltage (/-JI) characteristics measured. This technique can be most successfully applied when 

studying atomically flat surfaces, thus reducing any chances the tip will collide with any 

protruding surface architectures. In order to prevent this and allow the SIM method to 

produce accurate and reliable results, any potential interference from external sources must be 

minimised. With regards to environmental vibrations and acoustic effects, fi lters can be 

utilised to prevent or reduce such interference. Without these measures in place it is possible 

for the tip to collide with the sample, causing damage to both tip and sample. To reduce the 

amount of background 'noise' multiple scans of each reading can be averaged. 
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Figure 3.6: (a) STM running in constant current mode and 

(b) STM running in constant height mode. 

Although the STS technique requires the use of an atomically sharp gold tip to characterise 

single molecule conductance, uncertainty can arise over the exact number of molecules being 

contacted, and the position of that contact along the length of the moiety. This problem is 

expected to arise in particular for molecules that are long and do not assemble perpendicular 

to the surface, whereby charge transfer can occur via chain-to-chain coupling rather than 

solely through an individual molecule. 157 The uncertainty in both cases can be reduced with 

the inclusion of a matrix isolation system and the assembly of a closely packed monolayer. 

The matrix isolation technique, first reported by Pimentel et al. , 158 relies on the presence of a 

relatively insulating organic moiety, such as an n-alkanethiolate interspersed with the 

molecule of interest. This allows the tip to isolate the object of interest. An example of this 

has been demonstrated by Chidsey et al. 159 in the isolation of mercaptoalkyl-ferrocenes in a 

matrix comprised of an insulating alkanethiol (Figure 3. 7). In this case, the alkanethiol 

separates the ferrocenes and constrains them in an upright position parallel to the surface. 

Using the alkanethiols as a reference, the electrical characterisation of the ferrocenes can be 

identified. 

36 



Figure 3.7: An on-top view of a mixed monolayer containing ferrocene-terminated (Fe) and unsubstituted 

alkanethiols co-adsorbed on an Au surface. 

3.2.1.1 STM FOR SINGLE MOLECULE CONDUCTANCE 

Interest in the experimental and theoretical characteristics of single molecule conductance has 

intensified in recent years,160
-
165 assisted by the continuing advancement and reliability of 

nanoscopic probe techniques, such as the extension of the STM technique for Scanning 

Tunnelling Spectroscopy (STS). Such techniques allow us to increase our fundamental 

understanding of molecular systems, and are essential for further development in the field of 

molecular electronics. An insight into electron flow properties through organic systems plays 

an important, even crucial, role in many key areas, such as the development of organic and 

biological structures, some of which can be utilised in molecular electronic devices such as 

organic light emitting diodes (OLEDs). 

Coherent electron transport via tunnelling or superexchange is thought to be the dominant 

process in short molecular wires, characterised by a decrease in conductance with an increase 

in molecular length, as well as being predominantly independent of temperature. Based on the 

probability than an electron will traverse the potential barrier, the relationship between 

tunnelling conductance and length can be expressed in a quantitative form as in Equation 3.4. 

In this case, the electron crosses the molecular wire, or 'bridge', in a single step, spending 

appreciably little time on the bridge itself, as seen in a study of n-alkanethiols. In longer 

molecular wires, the favoured method of charge transport is believed to be via an incoherent 

thermally activated hopping mechanism, whereby the electron is located on the molecular 

wire, or 'bridge ' for a period of time. This can be expressed as an An-henious-type 
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relationship, as shown in Equation 3.5. However, it should be noted that the two conduction 

methods are not mutually exclusive. 

G=Ge- /JL 
C 

G = conductance 

Ge = contact conductance 

/3 = tunnelling decay constant 

L = length of molecule 

EA = hopping activation energy 

ks = Boltzmann's constant 

T = temperature 

Equation 3.4 

Equation 3.5 

The relationship between molecular wire length and conductance has been well established, 

with conjugated wires between 7 and 40 nm undergoing systematic, statistical examination. 

However, it wasn't until 1971 that Mann and Kuhn166 released quantitative data of current 

measurements through monolayers of fatty acid salts deposited between two metal electrodes. 

Unfortunately, their results could not provide conclusive evidence of the exponential 

dependence of tunnelling conductance on length, thought to be due to the experimental 

sensitivity to imperfections in the system. It was Frisbie et al. 167 who first used conductive 

probe atomic force microscopy (CP-AFM) on thin films to show the conversion from 

tunnelling to hopping in relation to both length and temperature (Figure 3.8). Studies of ten 

oligophenyleneimine (OPI) wires ranging from 1.5 to 7.3 nm in length showed a clear 

transition in the conductance transport mechanism from tunnelling to thermally activated 

hopping at approximately 4 nm. 167 Complementary results were also obtained more recently 

in a related study on oligophenylenetriazole (OPT)168 and oligonaphthalenefluoroeneimine 

(ONI) wires of varying lengths. 169 
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Figure 3.8: (a) Molecular structure of OPI monolayers on Au substrates, (b) a semilog plot of 10 OPI 

monolayers with respect to their resistance versus molecular length characteristics and (c) an Arrhenious 

plot of resistance in relation to temperature for selected monolayers. 169 

Additionally, Hines et al. 170 have carried out both length and temperature dependant 

conductance measurements on a series of four molecular wires, ranging in length from 3.1 to 

9.4 nm. The report suggests that conduction in the two shorter wires exhibit greater length 

dependence than either of the two longer wires. Subsequent conductance measurements were 

carried out at differing temperatures, with the shorter wires appearing independent of 

temperature effects and the longer wires showing some dependence. Such results further 

support the suggestion of a transition from tunnelling to thermally activated hopping as 

molecular length increases. Similarly, reports of a change in conduction mechanism have 

been noted in related conjugated systems, with said transitions occurring at 2.5 nm 17 1 and 

from 5.6 to 6.8 nm. 172 The systematic examination of these molecular wires has been achieved 

using a variety of techniques, including mechanically controlled break junctions, in-situ break 

junctions, I(s), I(t) or nanofabricated gaps. Two of these, the closely 'related I(s) and I(t) 

methods shall be looked at in greater detail. 
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3.2.1.2 STM FOR l(s) 

Many decades of solution-based electron transfer studies by groups such as Xu and Tao have 

led the way forward into the solid state. It was Xu and Tao who first developed the l(s) 

technique whereby an STM tip could be brought into contact with, and then retracted from, a 

gold substrate in a 4,4 ' -bi pyridine containing solution, forming and subsequently breaking the 

Au-Au and Au-N bonds.173 
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Figure 3.9 (a) Xu a nd Tao showed that a series of conductance steps could be observed when a bi pyridine 

molecule was present between the gold tip and substrate in solution.173 (b) A lack of such steps is seen in 

the absence of these molecules and (c) Similar steps have been identified by Haiss et al in the presence of 

1,9-nonanedithiol (solid circles). As in (b}, a smooth curve (open circles) is seen in the absence of these 

molecules between tip and substrate.174 

The initial contact and retraction of tip to substrate resulted in a stepwise decrease in 

conductance values, thought to be due to the cleavage of Au-Au bonds as the tip shifted away 
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from the surface. Once this contact was completely broken, a diminished set of conductance 

steps were observed at values two orders of magnitude smaller than those observed for the 

Au-Au atomic chain (Figure 3.9 (a)). These steps were attributed to the spontaneous 

formation of 4,4 '-bypiridine junctions between the tip and substrate and occurred at integer 

values, suggesting the presence of one, two, or more molecules in the junction. In the absence 

of bypiridine in solution, a corresponding lack of steps can be seen in the conductance trace 

(Figure 3.9 (b)). This method was modified by Haiss et al. ,174 who utilised the same technique 

in the solid state, rather than in the presence of a solvent. The initial tip-substrate contact was 

also disregarded, with contact instead being made directly between the tip and molecule of 

interest (Figure 3 .9 ( c )). 

2.2.1.3 STM FOR l(t) 

The simple and reproducible I(t), or 'current jump' method of determining single molecule 

conductivity was first developed by Haiss et al. , 174 and involved the spontaneous formation of 

bi-substituted molecular wires between a tip and substrate. Experimentally, this could be 

achieved by setting the gold tip at a fixed distance above the surface under a constant voltage, 

and then monitoring the current as a function of time. 

Au STM tip 

Au Au Au 

(a) (b) (c) 

Figure 3.10: The spontaneous formation of an a,co-alkanedithiol junction between the STM tip and 

substrate. (a) and (c) represent the molecules before and after chemisorption to the tip, with (b) showing 

the junction formation which results in a current jump. 
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On a low surface coverage of viologen-containing a,ro-alkanedithiols chemisorbed onto a gold 

substrate, Haiss et al. monitored the current-time response and observed frequent jumps in the 

transmitted current. These observed jumps in the tunnelling current are thought to be due to 

conductance through a single molecule. This was justified by a change in orientation as the 

flexible molecular wire spontaneously chemisorbed to the tip, creating a bridge between tip 

and substrate and resulting in an improved current (Figure 3.10). The magnitude of these 

single molecule current jumps (t:J) can be measured by comparing the current from both 

before (10 ) and during (J) the current jump (i. e. before and during single molecule contact), 

and tend to last for a number of microseconds before returning to the pre-jump magnitude. 

These can be analysed statistically through conductance histograms, with lower values 

corresponding to conductance through a single molecule, and greater values corresponding to 

two, three or more molecules contacting the tip at integer multiples (Figure 3.11). 

Haiss et al. have also reported a lack of observable current jumps during an investigation of 

monothiol wires. However, it has since been reported that similar jumps can also occur on 

dicarboxylic acid terminated alkyl chains, demonstrating that chemisorption does not 

necessarily have to occur between the molecule and tip for a current jump to be observed. 

0.4 ~~~~~~~~~--.--~~~---.-----, 

<( 0.3 •····················: · .:.: ·.:·. , .. _-.., .. ~- .··~ ............... , ............ .. 
C . ~ · ..... " .. •. W 
- 0.2 • ' • 

0 

I 0.1 

0.0 0.1 0.2 0.3 
0 
0.0 0.2 0.4 0.6 0.8 

time/ s lw /nA 

(a) (b) 

Figure 3.11: (a) A typical current jump exhibited by single molecule conductivity studies on 1,8-

octanedithiol and (b) the corresponding histogram of 54 current jumps. 174 

A comparison study
175 

of a simple Au-octanedithiol-Au system formed by mechanically 

controlled break junctions, in-situ break junctions, I(s), I(t) and monolayer matrix isolation 

(MMI) methods have shown a high degree of reproducibility between the different 

approaches, although discrepancies have been noted between theoretical and experimental 

42 



results, as well as widely differing single molecule current values using different experimental 

techniques. For example, Haiss et al. have reported a single molecule current of 0.2 nA for 

octanethiol, whereas more recent reports suggest a value of 10 nA. 176 Literature also suggests 

that dose-packed monolayers may also exhibit current jumps, despite them being closely 

packed and therefore unable to ' flip ' up to gain contact with the tip, as Haiss et al. 

proposed. 177 
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4.0 EXPERIMENTAL 

4.1 SUBSTRATE PREPARATION 

Depending on the physical characterisation technique, QCM or XPS, differing forms of gold 

substrate were used; a gold-coated quartz crystal for monitoring the self-assembly process, or 

highly ordered pyrolytic graphite (HOPG) for analysis via XPS. TiO2-coated quartz crystals 

were utilised for both QCM and XPS. 

4.1.1 QUARTZ CRYSTALS 

The 10 MHz quartz crystals (International Crystal Manufacturing, OK, USA) consist of a 

thin, transparent, crystalline SiO2 wafer sandwiched between two vapour-deposited Au or 

TiO2 electrodes. The quartz crystals employed in this work are AT-cut, forming a highly 

stable surface with nearly zero frequency drift at room temperature on which to assemble 

monolayers. The crystal is cleaved from a quartz rod at an angle of ~35° with respect to the 

optical axis (Figure 4.1) to form a disc just a few tenths of a nanometre thick. In the case of 

TiO2 quartz crystals, a 10 nm thick layer of titanium is laid on both sides of the exposed 

quartz. For the Au crystals, a 100 nm-thick layer of Au is simply vapour deposited on top of 

the initial Ti 0 2 layer. The Au is then annealed to form the ( 111) crystal structure. 

optical axis 

I 

Figure 4.1: AT-cut quartz crystal rod:78 
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Before depositing a monolayer, the substrate must be checked for any damage and thoroughly 

cleaned to remove any unwanted material from the surface and thus avoid contamination. 

This is done using a nitrogen plasma cleaner (GaLa Instrumente, PlasmaPrep2) to prepare the 

surface for subsequent deposition. This process removes any unwanted surface oxide and 

organic material. Experimentally, the quartz crystal is placed in the plasma cleaner (Figure 

4.2), the chamber of which is evacuated for 3 minutes, before being flooded with nitrogen for 

a further 3 minutes. A generator then applies an electric current, ionizing the nitrogen gas and 

forming a plasma. After 3 minutes, the crystal is removed, allowed to cool and its frequency 

measured. This ' clean ' reading can be compared with the frequency before the plasma 

cleaning process, to ensure the expected ch~nge in frequency has taken place i.e. by removing 

any surface material present, the clean frequency should be greater than the initial unclean 

one. However, an excessive number of exposures may result in nitrogen doping in the crystal, 

culminating in erratic QCM readings. As TiO2 crystals cannot be plasma cleaned, they were 

instead washed with an appropriate solvent until a stable frequency reading was given. 

Figure 4.2: Nitrogen plasma cleaner. 

4.1.2 HIGHLY ORDERED PYROLYTIC GRAPHITE 

For XPS studies, samples were prepared on gold-coated, highly ordered pyrolytic graphite 

(HOPG). Although this means that any material being deposited cannot be directly monitored, 

a satisfactory monolayer can be achieved if the prior deposition of the material has been well

characterised, which can then be used as a guide. HOPG, formed by stress annealing pyrolytic 

graphite at temperatures above 3300K, has many practical applications, particularly in the 
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field of microscopy due to its chemical inertness and flat, featureless surface architecture. Due 

to the lamellar nature of the material it can be easily cleaved to reveal a clean plane and is 

therefore regarded as being renewable. 

The topmost graphite layers were cleaved using adhesive tape to reveal a clean, unbroken 

surface on which to evaporate the gold. The sample was placed inside the SEM Coating Unit 

E5000 (Polaron Equipment Ltd), the vacuum chamber of which was evacuated and flooded 

with nitrogen gas to a pressure or 0.07 Torr. The leak valve was opened and closed twice to 

ensure that any residual gas in the chamber remained essentially oxygen-free. The gold 

coating was then thermally evaporated and applied to the HOPG surface for 20 minutes at 1.2 

kV and 10 mA to give a layer approximately 50 nm in depth. An approximate measure of the 

thickness of the deposited gold film can be derived from Equation 4.1. 

I = current (mA) 

V = voltage (kV) 

t = time (mins) 

d = JxVxtxK 

K = constant, approximately 2 for nitrogen 

Equation 4.1 

Unless being used immediately for self-assembly, once gold deposition was complete, the 

samples were transferred to the nitrogen plasma cleaner and sterilised to ensure the surface 

remained free of contaminants. 

4.2 MONOLAYER PREPARATION 

Monolayers were formed throughout using the self-assembly technique. Each compound was 

dissolved in a suitable solvent at a concentration of 0.1 mg mr 1• C 1, C2 and C8 were all 

dissolved in HPLC acetone, C3 and C4 in either THF or ethanol, CS and C6 in THF and C7, 

C9-C15 and Cl6 in ethanol. Depositions were carried out for between 10 to 120 minutes 

depending on the molecule in question. After each deposition, the system was removed from 

solution and rinsed thoroughly with solvent to remove any unwanted physisorbed material, 

before being left to dry, and in the case of quartz crystal substrates, being measured for 
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frequency changes. To aid the condensation reaction between subsequent aldehyde and amine 

functional groups, a trace catalytic amount of acetic acid was added to solutions. 

4.3 PHYSICAL CHARACTERISATlON 

4.3.1 QUARTZ CRYSTAL MICROBALANCE 

All QCM frequency measurements were taken using an Agilent 5313 lA Universal Frequency 

counter and Thandar TS302 l S power unit. The generator delivered a constant voltage of 9 V 

and current of 0.01 A to the dried and mounted quartz crystal between depositions. The 

frequency change can be measured in time increments until the values reach a plateau, 

implying that maximum surface coverage has been reached. 

Figure 4.3: Experimental setup for QCM measurements. 179 
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4.3.2 X-RAY PHOTOELECTRON SPECTROSCOPY 

XPS results have been analysed in two locations; by myself and Dr David Morgan at the 

Cardiff Catalysis Institute, Cardiff University and Kym Ford, Dr Benjamin Robinson 

(Lancaster University) and Dr Barry Wood at the University of Queensland. All samples were 

analysed by an Axis Ultra-DLD photoelectron spectrometer (Kratos Analytical Co.) using 

monochromatic AlKa radiation. Those samples analysed at the Cardiff Catalysis Institute were 

subject to the following conditions; a sample size of approximately 300 x 220 microns was 

scrutinised at a base operating pressure of ca. 1 x 10-9 Torr. The initial, low-resolution scan 

had a dwell time of 0.1 second, a pass energy of 160 eV and a step size of 1 eV. The 

subsequent high resolution scans were carried out at differing dwell times, with a pass energy 

of 20 eV and a step size of 0.1 eV. Further samples analysed at the University of Queensland 

were carried out under similar conditions, at a pressure of <9 x 10-7 Torr and a sample size of 

5000 microns square. The initial, low-resolution scan had a dwell time of 0.1 second, a pass 

energy of 160 eV and a step size of 1 eV. The ensuing high resolution scans were carried out 

at dwell times of 500 ms, involving two or more averaged sweeps depending on the signal to 

noise ratio, with a pass energy of 40 eV and a step size of 0.05 eV. Angle resolved studies on 

systems of interest were taken at 0°, 15°, 30°, 45°, 60° and 75° (where 0° is perpendicular to 

the surface). 

Element Relative Sensitivity Factor 

S 2p 0.668 

N l s 0.477 

C ls 0.278 

0 ls 0.780 

Table 4.1: Normalisation factors used in able to directly compare elements. 

Results were then analysed using the Casa XPS processing software. For a precise 

determination of binding energies, the spectra of systems assembled on Au were calibrated 

using the Au 4f712 peak at 84.0 eV, and for those assembled on TiO2, using the C ls peak at 

284.8 eV. Peaks were routinely curve-fitted using a convolution of Gaussian and Lorentzian 
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functions, and the background subtracted using a Shirley type correction method. By dividing 

the elemental peak areas by their respective Relative Sensitivity Factors (RSF), a direct 

quantitative comparison can be made between elements (Table 4.1 ). This normalisation is 

required to ensure the peak areas are representative of the material present. 

4.3.3 INFRARED SPECTROSCOPY 

All infrared analysis was undertaken using a Bruker Tensor 27 FT-IR spectrometer with Opus 

imaging software. Individual samples were prepared by integration with potassium bromide 

(KBr) crystals. The solid mixture was ground into a fine powder to remove the likelihood of 

scattering effects, before being placed in a mechanical press under a maximum pressure of 10 

tons. This produced a transparent disc through which the radiation beam could pass without 

difficulty. Before placing the sample within the spectrometer, a background scan was carried 

out on the empty chamber in order to eliminate any outside influences on the resultant spectra. 

Radiation was scanned between 450 and 4000 cm-1 (wavenumbers). 

4.4 ELECTRONIC CHARACTERISATION 

4.4.1 STM FOR/-V 

A Veeco Instruments Nanoscope IV Nanoscope E was used throughout this study in a 

vibration-free environment. This was achieved using a vibration filter to protect against 

external sound and motion, as the tunnelling current is extremely sensitive to changes in tip 

height. The gold electrode tips were cut from gold wire with a diameter of 0.25 mm and 

cleaved to form an atomically sharp point. Once the sample had been prepared and mounted, 

an initial surface scan was undertaken in a 400 nm by 400 nm region. Once a flat, featureless 

domain, lacking in surface architectures such as grain boundaries had been identified in the 

initial scan, the scan area was then reduced to approximately 25 nm by 25 nm and the mode 

changed to I-V from 1-s. An average of ~ 100 sites were analysed, and readings were taken for 

an average of 5 or more scans in a voltage sweep ranging from -1024 mV to 1024 mV. A 
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current setpoint of 7 50 pA and bias of 60 m V were used throughout. All I-V plots displayed in 

this thesis are representative of the layer from which they were taken. 

4.4.2 STM FOR l(t) 

Initially, the process of studying the single molecule current in specific wires is the same as 

that applied in studying their rectification properties, in that the sample is mounted on the 

STM, an initial, large-scale scan taken and an appropriate region chosen for analysis. The l(t) 

response was monitored with a bias of 50 m V and current setpoint of 600 pA. The feedback 

was set to -300 mV based on literature values, and readings taken from single scans, 500 of 

which were recorded for each system under scrutiny. This investigation was accomplished in 

conjunction with Mr Aled Williams (Bangor University). 

4.5 STUDIED COMPOUNDS 

Each molecule has been assigned a pseudonym which shall be used in reference to that 

particular molecule throughout the following Sections. Compounds range from Cl to Cl 6, 

and each system synthesised is designated S 1 to S 1 7. A summary of the compounds used can 

be found in Table 4.2. The molecules required for each monolayer were obtained from a 

variety of sources. Cl was synthesised by Mr Eduard Deibel and myself, C2-C7 and Cl6 

were obtained from Sigma-Aldrich and used without further purification. C8 was synthesised 

by Dr Piotr Wierzchowiec, and C9-Cl5 by Mr Stephen Vale (Bangor University). The 

compounds used for direct assembly onto gold include Cl, C2, and C7-C15, with C16 acting 

as the initial anchoring layer on TiO2. C4, often used in wire extension reactions involving 

aldehyde and amine functional groups,180
• 

181 was used to act as an-bridge between C3 and C7 

in various systems, and CS and C6 used as capping agents. The synthesis of C 1 and the TiO2 

nanoparticles required for Section 5.13.6 are also detailed below. 
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Pseudonym Name Structure 

4-[ (3-mercaptophen ylimino )- HS >-o~O 
CI 0-N - H methyl ]-benzaldeh yde 

C2 3-Aminothiophenol 

HS o-NH2 

C3 2,6-diaminoanthra-9, I 0-quinone "•'%-/j ~ NHz 
0 -

C4 Terephthalaldehyde >-0--< 0 H 

>--g--,,'"• cs 4-Dimethylamino-1-naphthaldehyde - \ 0 CH3 

~ Ii 

C6 4-(Dimethylamino )benzaldehyde }--Q-/H' 
O - 'cH3 

1,2,4,5-Benzenetetramine H2N=o=NH2 

C7 ~I 4HCI 
tetrahydrochloride H2N NH2 

4-{(E)-l ,3-dihydro-2H-
H 

SYN }-O-< cs benzimidazol-2-thione-5- ~◊N - H 
yl)imino ]methyl} benzaldehyde 

H 
0 N 

C9 
N-carbamimidoyl-3-

~~)lNHz (naphthalen-2-yl)propanamide 
/2 
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H 
0 N 

CIO 
(E)-N-carbamimidoyl-3-(napthalen-

~:)l·~ 2-yl)acrylamide 
,,,::; 

H 
0 N 

Cll 
N-carbamimidoyl-3-

~~JlNH2 phenylpropanamide 

H 
0 N 

C12 N-carbamimidoylcinnamarnide 
~~JlNH2 

H 
0 N 

C13 
N-(N,N-dimethylcarbamimidoyl)-3- ~)l✓'", phenyl propanamide N N 

H I 
CH3 

H 
0 N 

C14 
N-(N,N-dibutylcarbamimidoyl)-3- ~~JlN~CH3 

phenylpropanamide 
/2 \,, 

H 
0 N 

Cl5 
(E)-N-carbamimidoyl-3-( 4-

~:)l-~ (methylthio )phenyl)acrylamide 
H3c...._

5 

CI6 4-Aminobenzoic acid H>-0-
0 

1/ _ ~ NH2 

Table 4.2: Summary of compounds used in t he preparation of St -St 7. 
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4.5.1 SYNTHESIS OF Cl 

HS 

o-NH2 + :}-0--{ 
HS \_~/ o-,f\J\H 

Figure 4.4: Cl formed from C2 and C4. 

An excess of C4 (3.7825 g) was added to 75 ml ethanol until all material had dissolved. C2 (1 

ml) was then added to the solution and stirred vigorously for ca. 16 hrs. The precipitate was 

filtered in vacuo and washed with copious amounts of ethanol. The precipitate, or Cl , (Figure 

4.4) presented as a yellow solid with a yield of 87.3%. 

4.5.2 SYNTHESIS OF TITANIA NANOPARTICLES 

Cl6-capped TiO2 nanoparticles were synthesised using the aqueous one-step process repo1ted 

by Rahal et al.
182 

Synthesis of the precursor [Ti(OiPr)3O2CC6aiNH2)],,, occurred by initially 

allowing Ti(OiPr)4 (4 mL) to dissolve in toluene (25 mL), before adding it dropwise to a 

solution of p-NH2C6H4CO2H (1.85 g), also in toluene (IO mL). After ca. 4 h, the yellow 

precipitate was gravity filtered and washed with copious amounts of hexane. Hydrolysis of 

[Ti(OiPr)3O2CC6H4NH2)]111 was undertaken by heating a solution of N(nBu)4Br (0.16 g) to 

reflux in water (100 mL). To this, [Ti(OiPr)3O2CC6H4NH2)]111 (1.83 g) was added and stirred 

vigorously, whereby a yellow precipitate formed, denoted nTiO2/P ABA, or S 15. The 

suspension was allowed to continue refluxing for a further 2 h, before being gravity filtered 

and washed with deionized water (2 x 25 mL) and ethanol (50 mL). The resultant cake was 

then dried at 70°C for ca. 12 h. Subsequent units were successfully coupled onto these 

nanoparticles by immersion in ethanolic compound-containing solutions of excess C3, C4 or 

CS, with catalytic traces of acetic acid. These were allowed to react for one week before 

filtering and washing with copious amount of solvent, and overnight drying in a dessicator. 
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4.6 ERRORS 

MONOLA YER DEPOSITION 

All final areas per molecule for monolayer deposition have been calculated using the average 

of all final data points whereby after several depositions the area was seen to differ only a 

little between depositions. These are represented on each graph with the aid of a horizontal 

line through the relevant points. 

MULTI-LA YER DEPOSITION 

For molecular growth presented as a change in frequency vs molecular mass, each point was 

calculated by averaging all recorded final frequency values for that particular monolayer. The 

error is established using the difference between the greatest final frequency change and the 

average. 

INDIVIDUAL CURRENT JUMPS EVENTS 

The individual current jump values referred to in section 5.7 have been calculated using the 

average of all data points occurring during that particular jump event. Errors were calculated 

using the standard deviation of the same points. 

CURRENT JUMP HISTOGRAMS 

Individual current jump events occurring between 0 and 2 nA for systems S3a-S7a are 

summarised as histograms with an implied possible error of ± 0.05 nA. This value affords the 

maximum expected error based on analysis of individual current jumps. 
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5.0 RESULTS 

5.1 FORMATION OF Sl 

Many of the systems formed in this thesis rely on the initial deposition of 4-[(3-

mercaptophenylimino )-methyl]-benzaldehyde, or Cl, onto an Au surface to form S 1. C 1 is 

ideal for the initial self-assembly step as it consists of a conjugated region terminated with a 

thiol functional group on one end and an aldehyde on the other. The thiol group allows the 

molecule to covalently bond to a gold surface, whereas the aldehyde allows the subsequent 

addition of amine-terminated moieties with which to extend the wire. S 1, which stands nearly 

perpendicular at full coverage, has been characterised both physically and electronically in 

earlier work, which allows for a comparison.21 

Section 5.1 includes an analysis of the chemical synthesis of Cl , before continuing on to 

analyse the physical and electronic properties of the deposited monolayer on an Au(l 11) 

quartz crystal. This was done using QCM to monitor the assembly process and XPS to 

confirm bonding is occurring as expected. The STM was then used to identify the I-V 

characteristics of the monolayer. 

5.1.1 Cl SYNTHESIS: ANALYSIS 

HS \_~ / o-,~H 
Figure 5.1 : Cl formed from C2 and C4. 

Mass spectrometry analysis revealed peaks at 242.17 (Cl), 274.20 (Cl + methanol), 349.21 

(Cl attached to one unit of C2), 449.29 (unknown) and 481.27 (dimer). A microanalysis 

report of C, H and N provided atomic percentages on average of 68.96%, 4.40% and 5.95% 

respectively. This showed close agreement with the theoretical values of 69.66%, 4.59% and 

5.83%. FT-IR analysis revealed peaks at 3415 (C-H), 3158 (=C-H), 2956, 2925, 2855, 2744 

(C-H), 1698 (C=O), 1638, 1607 (C=N), 1590, 1504, 1471 1402, (C=C), 1308, 1208 cm·1 (C-
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H). This confirms the presence of an aromatic compound containing both aldehyde (C=O) an:d 

imine (C=N) environments. UV-Vis analysis indicates Amax at 208 nm, 274 nm, and a shoulder 

at ca. 329 nm. 

5.1.2 PHYSICAL CHARACTERISATION: QCM 

Figure 5.2: Cl self-assembled onto an Au substrate via an Au-thiol Iinkage to form St. 

The gold coated substrate was immersed in a Cl-containing solution for 10 minutes at a time, 

for a maximum of 120 minutes. At this point, a plateau was reached whereby the frequency 

was judged to be stable for a minimum of three immersions, indicating a complete deposition 

of S 1 (Figure 5.2). A Sauerbrey analysis concluded that the average area occupied by a single 

unit of Cl after 70 minutes was 0.206 ± 0.002 nm2 (Figure 5.3). This suggests that a closely 

packed monolayer of S 1 was assembled, as the cross sectional area of benzene in an end-on 

arrangement is 0.25 nm2
• It is clear from this value that a limited amount of any of the 

following may be present in the system; solvent, unremoved physisorbed material, or 

undesirable contaminants, all of which can result in a non- ideal value. 
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Figure 5.3: Typical QCM results for the deposition of Ct on to an Au-coated substrate to form SJ. 
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5.1.3 PHYSICAL CHARACTERISATION: XPS 

A sample of S 1 was prepared on gold-coated, highly ordered pyrolytic graphite (HOPG) 

under duplicate conditions as for those prepared and monitored using QCM. Samples were 

washed with acetone and allowed to dry between each deposition. A minimum of twelve, ten 

minute-long depositions provided adequate surface coverage of S 1. For clarity, a normalised 

summary of the XPS results obtained for the S, N, C and O elements has been outlined in 

Table 5.1 

Element BE/eV Proportion of Normalised 
element/% Intensity 

163.1 
68.5 

164.3 
S 2p 

168.0 
1 

169.2 31.5 

N ls 399.4 100 1.4 

284.8 84 
C ls 286.6 10 17.9 

288.0 6 

0 ls 531.7 100 3.8 

Table 5.1: An elemental, RSF-corrected comparison of the key components in S1, normalised to the S 2p 

intensity. 

The high resolution scan of the S 2p spectrum, shown in Figure 5.4, was resolved into two 

separate, prominent peaks, which can be further deconvoluted into two sets of doublets. The 

doublet consisting of peaks at 163.1 (S 2p3;2) and 164.3 eV (S 2p112) is characteristic of the 

gold-sulfur linkage, thus confirming that Cl is bonding with the gold surface via a covalent 

gold-sulfur bond. The higher energy set of doublets at 168.0 (S 2p312) and 169 .2 e V (S 2p 112) 

correspond to the presence of an oxidised sulfur species, suggesting that some material 

present had not reacted with the gold surface. At a ratio of 1 :2.2, we can see that the majority 

of sulfur species belong to the Au-S bond, rather than the presence of unreacted sulfur 

species. 

High resolution scans of the N ls spectra, shown in Figure 5.5 (b), reveals a lone, symmetrical 

peak at 399.4 eV, indicative of an imine (C=N) presence. 183 This is expected, due to the 
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presence of the central imine component in the S 1 structure. The relative intensities of sulfur 

to nitrogen were I: 1 .4, showing a slight discrepancy from the anticipated l: 1 ratio we would 

have expected for S 1. This may be accounted for by the difference in depth of both species, 

with the sulfur group being closer to the Au surface than the nitrogen group. This results in a 

more intense nitrogen signal, although for such a short (ca. 1.2 nm) wire, the effects are 

thought to be minimal. 184 

(/) 
Q. 

~ 
"iii 
C 

2 
C 

1000 

800 

600 

400 

200 

0 

172 170 168 166 164 162 160 

Binding energy/eV 

Figure 5.4: The S 2p XPS spectra of system SJ with red peaks modelling the Au-S linkage and blue peaks 

corresponding to the presence of an oxidised sulfur species. 
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Figure 5.5: (a) The structure of SJ with red representing the imine linkage, and (b) the corresponding 

peak in the N l s XPS spectrum. 
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The C ls domain exhibits a well-defined peak with a high energy shoulder. Upon 

deconvolution, this asymmetrical region gave rise to three peaks, at 284.8 eV, 286.6 eV and 

288.0 eV (Figure 5.6 (a)). These correspond to carbon atoms in the C-C/C-H, C-N and C=O 

environment, the ratios of which are approximately 14:2:1. As expected, the peak with the 

greatest concentration of carbon atoms is due to the presence of C-C and C-H bonds found in 

the conjugated backbone. The imine presence, however, is approximately twice as 

concentrated as that of the aldehyde carbon due to the presence of carbon atoms on either side 

of the central imine element, as opposed to the single carbon attached to the terminating 

aldehyde group. 

The high resolution scan of the O ls spectrum (Figure 5.6 (b)) can be resolved into a single 

peak centred at 5 31. 7 e V, the expected value for oxygen in a C=O environment. The 

normalised intensity, however, is nearly four times greater than expected for Sl , which 

contains only one oxygen atom. This discrepancy is thought to be caused by the presence of 

oxygen-containing contaminants such as residual solvent or surface oxide. 
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Figure 5.6: (a) High resolution spectra modelling (a) the C 1 s domain with accompanying structures 

showing the three different carbon environments present in St and (b) the O ls domain with 

accompanying structure showing the single oxygen environment present in St. 
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5.1.4 ELECTRICAL CHARACTERISATION: 1- V 

The symmetrical 1-V plot exhibited by SI (Figure 5.7 (a)) demonstrates the weakly donating 

electrical properties of the system, with rectification ranging from 1.2 to 1.6 and an <RR> of 

1.4 at ± 1 V. Such a low value suggests that the current exhibits little to no preference in 

conducting either in the forward or reverse direction. This can be compared to previous 

studies on Sl using the same (STS) technique (Figure 5.7 (b))21 as well as an alternative 

electromagnetic canti lever technique (Figure 5. 7 ( c )).177 
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Figure 5.7: (a); Symmetrical 1-V plot following the deposition of Ct onto an Au-coated substrate to form 

S1, (b) resul ts obtained by Ashwell et al. 21 in a previous study on the same system and (c) results obtained 

by Dr Laurie Phillips using t he magnetic cantilever technique. 177 
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Each plot exhibits a similar shape, although the current differs from one to the next, from the 

nA scale (Figure 5.7 (a) and (b)), to mA (Figure 5.7 (c)). This is a reflection on the number of 

molecules being contacted. Therefore, the greater the measured current, the more molecules 

we would expect to be present between the two electrodes. 

5.1.5 SUMMARY 

Section 5.1 describes the successful assembly of Cl onto an Au(! 11) surface to form Sl, as 

outlined in the literature. A Sauerbrey analysis of the deposition process allows us to conclude 

that CI packs with the aromatic backbone near-perpendicular to the surface, with an average 

area per molecule of 0.206 ± 0.002 nm2
. Exhibiting consistent areas throughout, Cl was 

found to bind to Au in the relatively short time of 70 minutes. XPS analysis of the S 1 

monolayer confirmed the majority of sulfur species to be involved in surface bonding. The 

existence of a single N ls peak at 399.4 eV also indicates an imine presence, as expected for 

S 1. Upon confirmation of a well-packed, homogenous monolayer, S 1 was characterised 

electronically with regards to the system's /-Vproperties. Average rectification values of 1.4 

at ± 1 V indicated little to no preference in the favoured direction of current flow. Physical and 

electronic characterisation of this particular system has proven essential, as C 1 has been 

utilised as the initial monolayer in many systems studied in this thesis. 

5.2 FORMATION OF S2 

Under certain conditions, the unstable C=N bond in C l may be cleaved, 185- 187 leaving the 3-

aminothiophenol, or C2 unit, to react with the gold surface. It does this by binding 

chemisorptively via either the thiol or amine substituents (Figure 5.8). 

5.2.1 PHYSICAL CHARACTERISATION: QCM 

(a) (b) 

Figure 5.8: C2 bonding to gold via either the sulfur or amine functional group to form (a) S2. or (b) S20• 
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The self-assembly of C2 onto an Au-coated quartz crystal was monitored using a Sauerbrey 

analysis to monitor progress. The substrate was immersed in solution for 10 minutes at a time, 

until subsequent depositions resulted in only minor frequency changes of 4.61 Hz. The 

resultant graphical representation (Figure 5.9) indicates an initial plateau at ca. 0.223 nm2 

molecule-1, before ultimately resulting in a final area per molecule of 0.153 ± 0.006 nm2 

molecule-'. This value is significantly lower than that predicted for such a molecule and 

suggests the system is either forming multilayers or is congested with other, undesirable 

material. 
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Figure 5.9: Typical QCM results for the deposition of C2 on to an 

Au-coated substrate to form S2. and S2b. 

5.2.2 PHYSICAL CHARACTERISATION: XPS 

A sample of S2 was prepared on gold-coated, highly ordered pyrolytic graphite (HOPG) for 

monolayer characterisation by XPS. A total of twelve, ten minute-long depositions were 

carried out in order to provide adequate surface coverage, as indicated by the Sauerbrey 

analysis undertaken in Section 5.2.1. A summary of the normalised data obtained for sulfur 

and nitrogen has been outlined in Table 5.2. 
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Element BE/eV 
Proportion of Normalised 
element/% Intensity 

162.0 
54 

S 2p 
163.2 

1 163.8 
165.0 

46 

N ls 
399.0 55 

1.8 400.3 45 

Table 5.2: An elemental, RSF-corrected comparison of the key components in S2, normalised to the S 2p 

intensity. 

Angle-resolved XPS analysis has confirmed a dominant bonding configuration involving the 

amine functionality, with a maximum yield of 66%. The N 1 s spectra (Figure 5.10 (a)) 

exhibits an asymmetrical peak with a slight but distinct higher energy shoulder. 

Deconvolution indicated that the asymmetrical peak manifests as two differing nitrogen 

environments with binding energies of 399.0 eV and 400.3 eV respectively, at a ratio of 55:45 

for a take-off angle of 0° relative to the substrate normal. The higher energy value 

corresponds to the terminal - NH2 group, 183 whilst the lower energy value is associated with 

the attachment of NH2 to a metallic surface which results in a lowering of the N ls binding 

energy relative to ca. 400 eV. A similar shift has been observed in XPS studies involving 

amines on gold nanoparticles, 188
'
189 alkylamines electrochemically attached or self-assembled 

to a gold surface, 190
•
191 and the self-assembly of the related 4-mercaptoaniline compound on 

gold. 
192 

Although the lower energy value has been found to correspond to that of a bound 

amine element, the actual bonding mechanism remains ambiguous. This confirms the 

majority of bonding occurs through the nitrogen species, rather than the sulfur. 

Further evidence for this was provided by analysis of the S 2p spectra (Figure 5.10 (b )). 

Deconvolution of the broad spectrum, taken at an angle of 0° with respect to the surface 

normal showed doublets at 163.8 and 165.0 eV corresponding to SH and at 162.0 and 163.2 

e V due to the presence of an Au-S bond. The fact that both sulfur environments were present, 

as well as both nitrogen environments, provides further evidence to support the presence of 

bonding via both the nitrogen and sulfur group, to varying degrees. However, a discrepancy 

occurs when comparing the separate nitrogen environments to those of sulfur. The ratio of 

Au-S to SH is 54:46, suggesting that the majority of sulfur is bound to the gold surface, rather 

than the nitrogen moiety. Thus we can assume that the technique is not entirely reliable in 

differentiating between the two values. Further evidence that the majority of molecules are 
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binding via the nitrogen can be seen in the ratio ofN:S, which at 0° is 1.8:1 and 1.2:1 at 30°. 

As the angle changed from being perpendicular to the substrate to a grazing angle, the 

nitrogen intensity decreases. This is expected from a sample in which the nitrogen species is 

closer to the gold surface than the sulfur, so that as sampling becomes more surface sensitive, 

less nitrogen is detected. Similar outcomes have been reported for the self-assembly of the 

para-substituted aminothiophenol on gold, 192
•
193 with bound to unbound nitrogen 

environments occurring in a 70:30 ratio, but are in conflict with reports of C2 assembling 

solely through the thiol moiety. 194 
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Figure 5.10: (a) N ls core level spectra of 3-aminothiophenol at a takeoff angle of 0° relative to the surface 

normal and (b) corresponding S 2p spectra, clearly showing two sets of doublets. 

5.2.3 SUMMARY 

Section 5 .2 has described the deposition of C2 on an Au(l 11) substrate. In this case, the 

Sauerbrey analysis could not provide conclusive evidence as to the final area occupied by a 

single molecule. This was due to a large frequency change resulting in an area of 0.153 ± 

0.006 nm
2 

molecule-1
• However, subsequent XPS analysis indicated a relatively defect-free 

monolayer. The presence of two peaks in the N ls domain centred at 399.0 and 400.3 eV are 

representative of the Au-N and -NH2 environments, with a ratio to suggest more than 50% of 

C2 molecules assembled on the metal surface via the nitrogen headgroup, rather than the 

sulfur. Thus C2, and by implication, its para-substituted counterpart, which is a frequently 
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used anchoring molecule, 195 has proved a flawed candidate for the initial anchoring self

assembled layer due to the formation of a mixed monolayer. Any further depositions would 

result in an incomplete layer fonnation with little long range order. This means any electrical 

characterisation could not be carried out with a high degree of confidence in the ensuing 

results. Therefore, anchoring groups should not include a terminating amine group, instead, it 

would be preferable to use an aldehyde-terminated thiol, such as Cl, although as stated, Cl 

can be cleaved to form C2. 

5.3 FORMATION OF S3A 

The deposition of the initial S 1 mono layer has been previously discussed in Section 5 .1.2. 

Here we outline the subsequent deposition of a strongly electron accepting 2,6-diaminoanthra-

9,10-quinone, or C3 unit to form the S3a wire. C3 consists of an aromatic backbone 

terminated at either end with an amine moiety, as well as two central C=O groups. The 

electron withdrawing C=O functionalities help to create an electron-poor unit whereas the 

amines allow C3 to react with S 1 via a condensation reaction. 

5.3.1 PHYSICAL CHARACTERISATION: QCM 

AuJ-s \_~_;J-0-{_ o-N~H ~H, 

Figure 5.11: C3 has been shown to self-assemble onto S 1 to form S3 •. 

The second component of the multi-step wire, C3, was deposited onto SJ in two-hourly 

immersions for a maximum of 26 hours to form S3a (Figure 5 .11 ). The deposition time 

increased considerably for the successful self-assembly of C3 due to the bulky nature of the 

compound and slow imine bond formation. A Sauerbrey analysis revealed an average area 

occupied by a single molecule similar to that of the previous layer, at around 0.218 ± 0.013 

nm2 (Figure 5.12). This suggests that the wire's first two components deposit in an 

approximately 1: 1 ratio. 
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Figure 5.12: Typical QCM results for the deposition of C3 onto S1 to form S3 •. 

5.3.2 PHYSICAL CHARACTERISATION: XPS 

A sample of S3a was prepared for XPS analysis on gold-coated, highly ordered pyrolytic 

graphite (HOPG). A total of twelve, two hour depositions were carried out in order to provide 

adequate surface coverage, as established by the Sauerbrey analysis undertaken in Section 

5.3.1. A summary of the normalised data obtained for the main elements is provided in Table 

5.3. 

Element BE/eV Proportion of Normalised 
element/% Intensity 

162.4 37 

S 2p 
163.6 18 

1.0 
168.4 30 
169.6 15 

N ls 
398.9 67 

1.8 399.9 33 
284.8 89 

C l s 286.7 5 36.5 
288.3 6 

0 ls 531.8 100 10.2 

Table 5.3: An elemental, RSF-corrected comparison of the key components in S3., normalised to the S 2p 

intensity. 
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Of particular interest at this stage of the multistep process was the evaluation of the N 1 s 

spectra. We have previously seen that the successful assembly of Cl onto gold results in a 

single nitrogen peak at 399.3 eV, identified as the centrally positioned -N=C bond. With the 

addition of C3 to this system, the N ls spectra could be seen to display not one, but two 

identifiable peaks at 398.9 and 399.9 eV (Figure 5.13), corresponding to the imine (C=N) and 

terminating amine (-NH2) environments respectively. Comparison of the peak areas shows 

that the imine presence accounts for 67% of the total available nitrogen, and the amine for the 

remaining 33%. This 2: 1 ratio suggests that C3 effectively reacted with S 1 via a condensation 

reaction in a 1: 1 ratio, as suggested by the QCM data. The resultant system contained two 

imine components and a terminating amine moiety which allows for continued step-by-step 

assembly. The ratio of nitrogen to sulfur was l : I .8, rather than l :3 as expected from the 

successful deposition of the two layers. This may be due to an incomplete C3 layer, or the 

presence of C2 in the inHial monolayer, thus reducing the nitrogen signal intensity. 
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Figure 5.13: The structure of S3., with red representing the imine linkages and blue the terminating 

amine group, with corresponding red and blue peaks modelled in the N 1 s spectrum of S33 • 

5.3.3 ELECTRICAL CHARACTERISATION: 1- V 

The addition of a strong electron acceptor to S 1 resulted in a non-symmetrical structure and I

V plot. Rectification occurred in the negative quadrant with an <RR> of 3.7 at ± IV. This 

showed that preferential electron flow was from the cathode (Au tip) to the C3 acceptor on 

one side and from the weakly donating thiolate to the anode (Au-coated substrate) on the 
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other side i.e. cathode I A5-n-bridge-Dw I anode, where subscripts denote the strength of the 

donor or acceptor moieties (w = weak, s = strong). Further evidence to the asymmetrical 

properties of S3a can be seen in results obtained by Ashwell et al. (Figure 5.14 (b)), with an 

<RR> of between 4 (for the EMC method) and 6 (using the STM) at ± 1 V.21 
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Figure 5.14: (a); Asymmetrical 1-V plot following the deposition of C3 onto S1 and (b); Normalised results 

obtained by Ashwell et al. in a previous study on S3. using the STM technique.21 

5.3.4 SUMMARY 

Having successfully characterised the formation of anchoring layer S 1, confirmation of the 

imine bond formation between S 1 and subsequent amine-terminated compounds was sought. 

C3 in particular was an ideal candidate, with amine headgroups at either end to allow for 

continued assembly. The Sauerbrey analysis revealed a final area per molecule of 0.218 ± 

0.013 nm
2

, approximately that obtained by the first layer (0.206 ± 0.002 nm\ This suggests 

that an amine headgroup on C3 reacted, albeit slowly, to the terminal aldehyde on S 1 in a 1: 1 

ratio, confirming the formation of a second, densely packed mono layer. Further confidence in 

this result was gained by XPS analysis, which revealed nitrogen peaks centred at 398.89 and 

399.93 eV in an approximately 2: I ratio. These were attributed to two imine and one amine 

environment, which corresponds well with the molecular structure of S33 • 

The subsequent investigation into the system's current-voltage response revealed an <RR> of 

3.7 at ± 1 V, with rectification occurring in the negative quadrant. This accepting nature is 
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essential in creating a rectifying system, and is due to the presence of two central C=O 

functional groups. As predicted, preferential electron flow was from the Au tip to the C3 

acceptor and from the weakly donating C 1 to the Au substrate. This demonstrates the ability 

to tune molecular wires to display desired electronic properties. In conclusion, C3 has been 

successfully self-assembled onto the weakly donating Cl to form a short rectifying wire of ca. 

2.2 nm in length. The presence of a terminating amine group allows the wire to be further 

extended, as described in Section 5.4. 

5.4 FORMATION OF A 10-STEP SYSTEM: S3A-S7 A 

Thus far, a multilayer system has been successfully formed. This consists of the initial Cl 

monolayer and the subsequent addition of C3, proving that the method of self-assembly used 

can indeed create multilayer wires. Furthermore, by exploiting the ability of amine and 

aldehyde moieties to react with one another, S3a can be extended to form a ten-component 

system, as shown in Figure 5.15, whilst being monitored using a Sauerbrey analysis. 

5.4.1 PHYSICAL CHARACTERISATION: QCM 

Figure 5.15: The formation of S3-7 • consisting of between 1 and 5 repeating C3 units. 

As with the previous system, the weakly electron donating Cl was assembled onto a gold

coated quartz crystal, and subsequently reacted with electron accepting C3 to form the first 

two layers of the system. The wire was then extended using alternating bridging units 

consisting of a single benzene ring with para-substituted aldehyde groups and the electron 

accepting C3. Depositions of the C4 bridging unit typically occurred over periods of 10 to 20 

minutes for up to 240 minutes in total to ensure complete and uniform coverage of the layer. 

By alternating C3 and C4 units, wires containing between 1 and 5 C3 units were constructed. 

Evidence of the 1: 1 ratio in which these layers were deposited can be seen in a comparison 

between the frequency change at each stage of the assembly process and the molecular mass 

of each component. By comparing the total mass of the wire at each stage with the total 
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measured change in frequency, an assumption can be made as to the completeness of a 

monolayer. For example, a non-linear relationship would suggest the formation of an 

incomplete monolayer. A linear relationship, as observed in Figure 5.16 whereby the two 

values are proportional, suggests that the wire assembles with one C4 unit to every one C3, 

whereas a bulkier component would be expected to deposit at a ratio of 2: I or more. 

The stepwise assembly of S4a in particular has been confirmed in the literature by infrared 

spectroscopy on capped gold nanoparticles. 196 This was done by reacting the nanoparticles 

with C2 and then C4 to create the initial CI-type structure. Alternating C3 and C4 units were 

coupled on to this to produce a wire reflecting the structure of system S43 • Evidence of 

coupling between the respective aldehyde and amine-terminated units was provided by the 

presence of a carbonyl stretching peak at 1697 cm-1 and 1690 cm-' in the aldehyde-terminated 

sequences only. 
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Figure 5.16: The total change in frequency from the clean (starting) value measured against the molecular 

mass of each constituent layer. Red corresponds to the initial anchoring layer, S1, green to that of C3 and 

blue to C4. 

5.4.2 ELECTRICAL CHARACTERISATION: l-V 

For clarity, a summary of the 1-V results obtained for S38-S7a have been presented in Table 

5.4. For each plot, the forward and reverse sweeps have been averaged. 
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System No. C3 Length/ Rectification 
I- V characteristics units nm <RR> at± lV 

f 5.0 

J 
< 
C 

2.5 

S3a l 2.5 3.7 
-1~ 0 ovu 500 1000 

VfmV - • 

-2.5 

-5.0 

t 4.0 

~3.0 I 

2.0 j 1.0 

S4a 2 4.3 3.3 
-1000 500 1000 

-1.0 VfmV-

-2.0 

-3.0 

-4.0 

t 3.o 

) ~ 
::: 2.0 

1.0 

S5a 3 6. 1 2.8 
-1~ 500 1000 

-1 .0 
VfmV -

-2.0 

-3.0 

f 1.5 

~ 

/ ::: 1.0 

0.5 

4 7.9 1.2 S6a 
-17 : 

500 1000 

-0.5 
VfmV-

-1.0 

-1.5 

f 1.2 

'2 

/ 0.6 

S7a 5 9.7 1.2 -1000 500 1000 
V f mV-

-0.6 

-1.2 

Table 5.4: A summary of S30-S70 with respect to their electrical properties. 
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As seen in Section 5.3, the addition of electron accepting C3 to weakly donating S 1 results in 

a non-symmetrical structure. Therefore S3a exhibits a non-symmetrical I-V plot with an <RR> 

of 3. 7 at± 1 V. This provides evidence that preferential electron flow is from the cathode (Au 

tip) to the C3 acceptor on one side and from the weakly donating thiolate to the anode (Au

coated substrate) on the other side i. e. cathode I A5-n-bridge-Dw I anode. 

The I-V plot for S4a also exhibited an asymmetrical curve with rectification occurring once 

again at negative bias. This is due to the addition of a strong electron acceptor into the 

sequence of donor and acceptor moieties: cathode I A5- n-bridge-A5-Dw I anode. An <RR> of 

3.3 at± 1 V has been recorded. Compared to the <RR> demonstrated by system S3a (3.7 at± 

1 V), the <RR> exhibited by S4a is unexpectedly low. With the addition of further electron 

accepting units in S4a, the <RR> would be expected to increase, but the presence of the injtial 

weak donor (Cl) is thought to act as a limiting factor. Similarly, S5a showed an <RR> of 2.8 

at± 1 V, similar to both S3a and S4a. 

System S6a comprises a I Dw-A5-n-bridge-A5-n-bridge-A5-n-bridge-A5 I sequence which 

resulted in an <RR> of 1.2 at± 1 V. Unlike systems S38-S5a, system S6a possesses very little 

asymmetry. This may be due to the largely electron accepting nature of the wire dominating 

electron flow through the system, effectively producing a symmetrical system, which from 

previous reports are shown to produce symmetrical I-V plots. This can also be seen after the 

addition of a further C3 unit to system S7 a, yielding symmetrical plots with an <RR> of 1.2 at 

± 1 V, as seen in Table 5.4. Fmthermore, the relationship between molecular wire length and 

conductance suggests a change in the dominant electron transfer process between S5a (ca. 6.1 

nm) and S6a (ca. 7.9 nm) may have occurred. Although many reports demonstrate this change 

in wires shorter than S6a, transitions have been seen to occur up to 6.8 nm, as reported by 

several groups following the systematic statistical examination of molecular wires of varying 

lengths. An investigation into this aspect of the molecular wires' electron transport properties 

has been carried out in Section 5. 7 in an effort to identify whether this is indeed the case. 
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5.4.3 SUMMARY 

With evidence of effective aldehyde-amine coupling in Section 5.3, the S3a wire was 

extended with the addition of alternating C3 and C4 units. This resulted in a selies of five 

related wires consisting of between one and five anthraquinone components. A Sauerbrey 

analysis of each step in the growth process showed that assembly progressed in an 

approximately 1: 1 ratio, although the possibility of building a complete wire over the course 

of 10 steps without the presence of a certain amount of defects and unwanted matelial is 

doubtful. Each wire was analysed with respect to its I-V characteristics. A general trend was 

identified, in that rectification decreased with increasing molecular length. Average 

rectification ratios at ± IV were seen to decrease from 3.7 for S3a to 2.8 for S5a, before 

culminating in a ratio of 1.2 for S6a and S78 • This change has been attributed to the increasing 

electron accepting nature of the wire dominating electron flow through the system, as well as 

a possible change in charge transport mechanism between S5a and S68 • 

5.5 RECTIFICATION INVESTIGATION OF S48 AND S4c 

Figure 5.17: CS self-assembled onto S41,. 

Figure 5.18: C6 self-assembled onto S4c. 

In order to examine the effect of steric hindrance on rectification, S4a was modified by the 

addition of a terminating group consisting of either one (4-(dimethylamino)benzaldehyde, or 

C6), or two ( 4-dimethylamino-1-naphthaldehyde, or CS) benzene rings (Figures 5.17 and 

5.18). Both compounds possess an aldehyde functional group on one end, which allows them 

to chemically bond with the terminating amine group on C3. The dimethylamino group acts 

as a cap on the wire to halt any further elongation of the system via self-assembly. CS and C6 
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were chosen for this particular study as they had previously been used in a similar study by 

Ashwell et al. 

5.5.1 P HYSICAL CHARACTERISATION: Q CM 

To form S4b, C5 was deposited onto S4a in 10 minute increments for up to 120 minutes. A 

typical example of this can be seen in Figure 5.19 (a), whereby a stable frequency was 

reached after 70 minutes at an area of 0.245 ± 0.005 nm2 molecule-I . 

Similarly, to form S4c, C6 was assembled onto S4a in 15 minute increments for 150 minutes 

(Figure 5.19 (b)). A plateau was reached at 0.317 ± 0.012 nm2 molecule-1
, as supplied by 

Michael Henry (Bangor University) where previous monolayers exhibited average areas of 

0.30 nm2 molecu1e·1• This value, greater than seen thus far suggests that an incomplete first 

layer had affected the area per molecule in all subsequent depositions. 
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Figure 5.19: A typical deposition of (a) CS and (b) C6 onto S4 •. 

5.5.2 ELECTRICAL CHARACTERISATION: 1- V 

Both systems S4b and S4c are electron donors that exhibit rectification in the positive quadrant 

(Figure 5.20 (a) and (b)). The double-ringed structure demonstrated an <RR> of 8.3 at± IV, 

with a maximum value of 13.3 at± 1 V. In comparison, the single-ringed structure possessed 
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an <RR> of only 2.8 at± 1 V. As the initial four layers remained identical for S4b and S4c, the 

final layer must be responsible for the difference in rectification. This suggests that the 

presence of a double ring molecule in S4b increases the steric hindrance between the 5th layer 

and the rest of the system (Figure 5.21 ), causing a twist about the dihedral separating 

components C3 and CS, as proposed by Ashwell et at.39 The LUMO orbitals of these 

components would then be out of alignment, hindering electron movement across that 

particular section. The rectification was less prominent in S4c since the final component is 

less bulky, leading to much smaller twist than that witnessed in system S4b. The relative 

planarity of S4c did not appear to affect the flow of electrons greatly, resulting in a fairly low 

rectification ratio (2.8 at± 1 V). 
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Figure 5.20: Asymmetrical 1-V plots following the deposition of (a) CS and (b) C6 to S4
0

• 

Figure 5.21: System S41, with the dihedral twist indicated between the terminating naphthaldehyde unit 

and the rest of the wire. 

5.5.3 SUMMARY 

Section 5.5 has provided further evidence that the introduction of a bulky component into a 

relatively planar wire affects the ability of electrons to move through the system. This is 
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reflected in the measured <RR> of both systems, with the bulkier wire exhibiting the greatest 

value, at 8.3 at± 1 V. This study has been extended in Section 5.6 to look at any change in I-V 

properties and the magnitude of such changes with the addition of CS to wires of varying 

lengths. 

5.6 FORMATION OF 11-STEP SYSTEM S38-S78 

5.6.1 PHYSICAL CHARACTERISATION: QCM 

Figure 5.22: Self-assembled wires consisting of up to 12 components were constructed with n = 1-5 for 

systems S31,-S71,, 

In a continuation of the previous study, a variation on the 11 -step wire consisting of 1-5 

repeating C3 units was assembled. Each terminating C3 unit in systems S3a-S7a was capped 

with a double-ringed C5 molecule (Figure 5.22). Once again, the formation of these wires was 

monitored using a Sauerbrey analysis, with a linear relationship showing the 1: 1 deposition 

throughout, as seen in Figure 5.23. 

0 

-100 ! 

-200 I ! • 

N -300 ! 
I t· ;;::: 

<1 -400 
I 

• -500 I 

! . -600 • 
• 

-700 • 
0 400 800 1200 1600 2000 

Molecular Mass 

Figure 5.23: The total change in frequency from the clean (starting) value measured against the total 

molecular mass as each constituent layer is added. Red corresponds to the initial anchoring layer, Ct , 

green to that of C3, blue to C4 and black to CS. 
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5.6.2 ELECTRICAL CHARA CT ERi SA TION: /-V 

For clarity, a summary of the 1-Vresults obtained for S3b.,.Sh has been presented in Table 5.5. 

For each plot, the forward and reverse sweeps have been averaged. 

The first wire of this series comprised the initial Cl molecule self-assembled onto gold, with 

C3 and then CS subsequently deposited. The 1-V character of this system proved relatively 

symmetrical, with an <RR> of 1.3 at ± IV. This can be compared to S3a (Figure 5.24 (a)), 

which produced an asymmetrical plot, showing that the addition of CS altered the electrical 

response of the system. As CS is an electron donating moiety, its addition to S3a resulted in a 

symmetrical D-A-D system, hence the symmetrical 1-V plot. 
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Figure 5.24: 1-V characteristics of (a) S3. and (b) S3b. 
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As the number of C3 units increased to 2 and then 3, rectification could be seen to occur in 

the positive quadrant, with an <RR> of 8.6 and 11.5 at ± 1 V respectively. This suggests that 

the addition of CS to these intermediate-length wires causes rectification to switch to the 

opposite quadrant to that exhibited by the preceding C3-terminating systems (Figure 5.25). 

This implies that the bulky CS unit either introduces enough steric hindrance to hinder 

electron movement between the CS unit and the rest of the system, or, due to the strongly 

electron donating properties of the final layer, electron flow reverses to flow from the bottom 

electrode through to the gold probe, i. e. cathode I Dw-A5-n-bridge-A5-D5 I anode. 
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Figure 5.25: 1-V characteristics of (a) ss. and (b) SSb. 
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However, as evidenced in Table 5.5, once the system was extended to include 4 and 5 C3 

units capped with C5, the 1-V plots showed the same return to symmetry as seen for S6a and 

S7 a (Figure 5.26). Average rectification ratios exhibited by these lengthier wires were 

measured as 1.3 and 1.8 at ± lV respectively. The /-Vproperties of these lengthy wires can be 

explained in two parts. Firstly, the largely electron accepting nature of the majority of the wire 

dominates electron flow, with both terminating donor moieties having little effect on the 

overall electrical response. Secondly, it is possible that with the increased molecular length, 

we are witnessing a change in dominant electron transfer process, as suggested in Section 

5.4.2. 
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Figure 5.26: 1-V characteristics of (a) S7. and (b) S7b. 
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System 
No. C3 Length/ Rectification 

1-V characteristics units nm <RR> at± lV 

t 1.2 

J '2 
0.6 

S3b I 3.2 1.3 -1000 500 1000 
VlmV-

-0,6 

-1.2 

I 1.2 

'2 
0.6 

S4b 2 5.0 8.6 
__, 

-1000 0 500 1000 
V/mV -

-0.6 

! 
-1.2 

t 1.2 

'2 
0.6 

S5b 3 6.8 11.5 ~ 

-1000 0 500 1000 
V/mV -

-0.6 

-1.2 

j1.2 

'2 
I 

0.6 

S6b 4 8.6 1.3 
-1000 0 500 1000 

V/mV - • 

-0,6 

-1.2 

t 1.2 

'2 
0.6 

_/ 
S7b 5 10.4 1.8 -1000 ·-:,00 500 1000 

V/mV -

-0.6 

! 
-1.2 

Table 5.5: A summary of S3b-S7b with respect to their electrical properties. 
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5.6.3 SUMMARY 

The rectification study in Section 5.5 was extended to cover systems S3b-S7b. Once again, a 

linear relationship between frequency change and molecular mass was observed, confirming 

the coupling of CS to each wire via an amine-aldehyde coupling reaction. A comparison of 

each system before and after the addition of a terminating CS unit has demonstrated the ease 

with which rectification can be altered. The presence of CS has the ability to alter I-V 

behaviour from rectifying to symmetrical (S3a to S3b) and from rectifying in one direction to 

the other (S4a to S4b and S5a to S5b). It was only the longest two wires that remained 

unchanged, which has been attributed to the chiefly electron accepting nature of the two 

wires, as well as the possibility of a change in dominant electron transfer mechanism from 

one dependant on length to one that is independent. 

5. 7 CURRENT JUMPS 

Systems S3a-S7 a are ideal candidates with which to examine charge transport properties in a 

series of conjugated wires. Differing only in the number of repeating C4 and C3 units, the five 

self-assembled wires measure between ca. 2.5 to 9.7 nm in length. All systems are bound to 

the gold substrate via a sulfur headgroup, with a terminating amine functional group at the 

opposite end of the wire to enable electronic coupling between the wire and probe tip during 

sampling. Typically, anchoring groups which are able to provide efficient molecule-metal 

electronic coupling include, but are not exclusive to, thiols, 197 carboxylates 198 and 

amines.61
,
199

,
200 Although single-molecule conductance studies principally involve 

symmetrically contacted wires, reports of wires comprised of differing functional groups have 

also been investigated.
20 1 

The effect of employing asymmetrical contacts in such studies has 

been discussed in a comparative conductance study between HS(CH2) 10COOH, 

HOOC(CH2) 1aCOOH and SH(CH2) 10SH, as reported by Martin et at.202 Using the I(s) method 

developed by Haiss et al. , the asymmetric arrangement was found to produce the lowest 

current of the three systems. This lowered charge transport efficiency suggests that single 

molecule conductance measurements are influenced not only by the anchoring group, but also 

the contact symmetry. By selecting suitably effective surface binding groups, such as thiols 

and amines for systems S3a-7 a, we can ensure that current jump events are due to coupling 

between the probe and terminating functional moiety. 
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Using the I(t), method of Haiss et al., single molecule conductivity experiments have been 

carried out on systems S3a-7 a· Once a suitably flat substrate area had been located, the gold 

probe was lowered to a fixed distance above the surface under a constant voltage. The tip was 

then allowed to drift over the SAM, the current being monitored as a function of time. Events 

in the l(t) domain consisted of abrupt increases and decreases in current, the increase 

persisting for typically 20 to 430 ms. These events are attributed to the terminating amine 

group spontaneously adsorbing to, and desorbing from the drifting tip as it passed by. As the 

system is expected to consist of well-packed monolayers, we would expect the resultant 

current jumps to occur in integer multiples of the single-molecule value, with higher values 

cotTesponding to the probe contacting two or more molecules at the same time. The current 

jump results presented in Figures 5.27-31 were gathered from 500 jumps on each of the five 

S3a-7 a systems. Due to the small number of events occurring at values above 2 nA, all 

histograms have been presented to a maximum M of 2 nA. 

System S3a is · comprised of one C3 unit reacted with the initial Cl monolayer via a 

condensation reaction involving their respective terminating amine and aldehyde moieties. 

QCM studies have proven that S3a assembles in a densely packed arrangement. Figure 5.27 

(a) depicts a typical current jump event, lasting 240 ms with an I-Io of ca. 0.35 ± 0.05 n.A. 500 

such current jumps were analysed to produce the histogram in Figure 5.27 (b). The most 

populous range, in which 49 of the total jump events occurred was centred at between 0.15 

and 0.20 ± 0.05 nA, and is believed to correspond approximately to single-molecule contact 

between the gold probe and SAM. Tentative evidence of secondary peaks were seen to occur 

at 0.45-0.50 n.A, 0.55-0.60 n.A, 0.90-0.95 nA, 1.20-1.25 nA, and finally 1.80-1.85 nA, thought 

to be caused by multiple contact events, although these do not necessarily occur at integer 

values of the initial 0.15-0.20 nA range. 
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Figure 5.27: (a) A typical current jump observed during the single molecule current analysis of S3. and 

(b) a graphical summary of the results taken from 500 current jump events. 

System S4a is the second of the five wires under investigation, and consists of two C3 units. 

With 53 current jumps falling within the range of 0.25-0.30 ± 0.05 n.A., this proved the most 

populous region, and is thought to correspond to current flow through single molecule 

contact. Secondary peaks appeared to occur at approximately integer values of 0.45-0.50 n.A., 

0.65-0. 70 nA and 1.40-1.45 n.A., which can be attributed to two, three and five-molecule 

contacts events. Figure 5.28 (a) depicts a typical current jump for system S4a, lasting 30 ms, 

with an I-Io value of approximately 0.44 ± 0.05 n.A.. 500 such events were analysed to produce 

the histogram in Figure 5.28 (b). 

Figure 5.29 (a) portrays a typical current jump event observed in the single molecule 

conductance analysis of S5a. The measured current can be seen to undergo a sharp increase to 

ca. 0.27 ± 0.03 nA for 30 ms before returning to its original 'pre-jump' value. A total of 500 

current jumps were analysed in order to produce the histogram in Figure 5.29 (b). The greatest 

number of current jump events, in this case 52 out of the total 500, were seen to occur in the 

range 0.20-0.25 ± 0.05 n.A.. Assuming this corresponds to single molecule conductance, 

secondary maxima in the regions of 0.45-0.50 n.A., 0.65-0. 70 n.A., 0.85-0.90 n.A., 1.05-1. 10 n.A. 

and 1.30-1.35 nA can be attributed to the tip contacting between two and six molecules, 

respectively. 
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Figure 5.28: (a) A typical current jump observed during the single molecule current analysis of S4,. and 

(b} a graphical summary of the results taken from 500 current jump events. 
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Figure 5.29: (a) A typical current jump observed during t he single molecule current analysis of S5. and 

(b} a graphical summary of the results taken from 500 current jump events. 
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A typical current jump observed in the conductance study on system S6a (Figure 5.30 (a)) can 

be seen to exhibit a M of 0.37 ± 0.02 nA and lifetime of 30 ms. A total of 500 current jumps 

were recorded and collated to form the subsequent histogram (Figure 5.30 (b)). It is clear that 

the most frequently observed current value lies within the range 0.20-0.25 ± 0.05 nA, with a 

total of 51 recorded events. Six further peaks have been identified between 0.35-0.40 nA, 

0.50-0.55 nA, 0.65-0.70 nA, 1.30-1.35 nA, 1.50-1.55 nA and 1.90-1.95 nA, all of which are 

appreciably larger than the counts observed in neighbouring current ranges. 
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Figure 5.30: (a) A typical current jump observed during the single molecule current analysis of S6. and 

(b) a graphical summary of the results taken from 500 current jump events. 

System S7 a is the longest, and final molecular system upon which single molecule studies 

have been conducted. A typical current jump event (Figure 5.31 (a)), depicts an event lifetime 

of 30 ms and a Af of 0.41 ± 0.02 nA. Unlike the previous four systems, the peak current was 

found to lie at the relatively low value of 0.10-0.15 ± 0.05 nA, with a total of 42 counts 

(Figure 5.31 (b )). This too is lower than maxima recorded for the previous systems. As well 

as this peak, secondary peaks can be observed at 0.25-0.30 nA, 0.50-0.60 nA, 0.70-0.75 nA, 

0.85-0.90 nA, 1.15-1.25 nA and 1.45-1.50 nA. This suggests contact is being made between 

the tip and a number of molecules ranging from 2 to 12. 
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Figure 5.31: (a) A typical current jump observed during the single molecule current analysis of S7. and 

(b) a graphical summary of the results taken from 500 current jump events. 

5.7.1 SUMMARY 

By compiling a histogram representing the entirety of the current jump results gathered from 

500 jumps on S3a-S7a, the current response of each system can be directly compared with that 

of the others (Figure 5.32). A general pattern can be observed, in that the majority of current 

jumps occur between 0 and 1 nA (between 82% and 90%), showing little difference in the 

more commonly observed current jumps between systems, all of which are in the range of 

0.1 -0.3 nA ± 0.05 nA. Apparent peaks can be observed at positions between 0 and 2 nA, 

labelled as Maxima (M) 1-5. This shows that rather than a gradual decline with increasing t::J, 

the jump frequency appears to undulate. We can consider these as single and multiple 

adsorption-desorption events occurring as the probe passes over the surface. 
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Figure 5.32: A graphical summary of the current jump surveys carried out on systems S3.-S7. between 0 

and 2 nA at intervals of0.05 ± 0.05 nA. 

The current maxima detailed in Table 5.6 indicate very little change in current with increasing 

molecular length, and no obvious transition is seen to occur as the wire grows systematically 

longer. This suggests the presence of a principal charge transport mechanism in which little 

length dependence is exhibited. Thus we can speculate that the dominant charge transport 

mechanism in systems S33 - 7 a is that of incoherent hopping, which is independent of length. 

This is in agreement with reports suggesting transitions in dominant transport mechanisms 

from tunnelling to hopping can occur in conjugated systems as short as 2.5 nm, 171 the 

approximate length of the shortest wire. This does not, however, confirm the transition 

between charge transport mechanisms as identified in Section 5.4.2 and 5.6.2. The apparent 

change in rectification between systems S5a and S6a as well as S5b and S6b was tentatively 

attributed to the presence of differing dominant transport processes. In order to increase 

confidence in either set of results, temperature-dependant current analysis should ideally be 

undertaken. Supposing such a transition were to occur between S5a and S6a, we would expect 

S3a-S5a to appear independent of temperature effects with little change in single molecule 

current with increasing temperature. Above this threshold we might expect the current to 

show a significant temperature-dependence. The second hypothesis, whereby all five systems 
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consistently exhibit a similar single-molecule current increase, would be confirmed if all 

wires could demonstrate the existence of temperature-dependant current changes. This would 

then confirm the presence of a principally thermally activated hopping regime. 

System Maximum no. 
Current Jumps (nA) 

S3a 0.15-0.20 

S4a 0.25-0.30 

S5a 0.20-0.25 

S6a 0.20-0.25 

S7a 0.10-0.15 

Table 5.6: A summary of the most commonly occurring current jumps for systems S3.-S7 •. 

As the wires increase in length with each subsequent C4 and C3 unit, the overall reliability of 

the current study with regards to single molecule contact decreases. We can understand this in 

terms of the self-assembly process utilised in the formation of each wire. With the shorter 

wires, QCM studies have proven that we may be reasonably confident that densely packed 

multilayers have been formed. Therefore, when the Au tip makes contact with a molecule 

resulting in a small but well-defined current jump of magnitude 0.15-0.30 nA it is highly 

likely that it is the terminating amine group on C3 that is being contacted. As additional C4 

and C3 units are assembled to produce to lengthier wires, it is possible that the number of 

successfully reacted molecules decreases, thereby causing a certain amount of disorder within 

the system. In addition, these defects may continue throughout the assembly process, resulting 

in a final system containing wires of varying lengths. If this were indeed the case, we might 

expect a decrease in the frequency of multiple-contact events, although in reality such a 

decrease is not observed. 

We can also consider the angle at which systems S33- 7 a assemble on the Au surface. The 

initial Cl unit is known to form a well-packed monolayer with a C-S-Au angle of 120°. This 

results in a tilted template for all future depositions, which can lead to exposure of the 

conjugated backbone. It is therefore possible that as well as contacting the tenninating amine 

group, the Au tip may be burying itself in, and directly probing, the system's n-system (Figure 
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5.33). We also suggest that current jumps may be due to the tip encountering surface 

architectures such as grain boundaries as it drifts across the substrate. Furthennore, we have 

shown that the I(t) technique is not reliant on molecules 'flipping' up to contact the tip, as 

suggested by Haiss et al. 

X 6" 6" 
.76 .76 .i 
I I I ««<««<<«««««c:c:,«<<«<«<<<'C««:.;<«<<C:«<«<<«<<<<<, 

Au Au Au 

Figure 5.33: It is feasible that the Au probe is burying itself in the conjugated backbone of S3 •. 

5.8 FORMATION OF S8rS10A 

The wires outlined in this Section are identical to those of S33-S5a with the exception that 

each electron accepting C3 unit has been replaced with an electron donating C7 unit. C7 is 

composed of an aromatic benzene ring substituted with four amine moieties and four HCl 

counterparts. Amines are well known electron donating groups due to the presence of a lone 

pair that increases the electron density of the attached aromatic ring, which in turn forms an 

electronically dense backbone along the wire. One or more of these amine groups were 

expected to react favourably with an aldehyde group and hence be able to form a self

assembled wire of alternating C7 and C4 units. Once again, physical characterisation was 

performed using QCM to monitor the assembly process and XPS to determine the bonding 

structure. I-V properties were detennined using STM. 
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5.8.1 PHYSICAL CHARACTERISATION: QCM 

Aul-s~\--~-lyYNH l 2HCI 
'f ~ ,~N~NH2 

- n 

(a) (b) 

Figure 5.34: (a) C l self-assembled onto an Au substrate via an Au-thiol linkage to form S1, and (b) the 

subsequent deposition of 1, 2 and 3 units to t,2,4,5-benzenetetramine tetrahydrochloride, or C7. 

The formation of S8a (Figure 5.34 (b)) involved the initial deposition of Cl (Figure 5.34 (a)) 

onto a gold-coated quartz crystal, as outlined in Section 5.1.2 to yield an area per molecule of 

0.204 ± 0.003 nm2 (Figure 5.35 (a)). The quartz crystal was then immersed in a solution 

containing C7 for 20 minutes at a time for a total of between 120 and 320 minutes. Once the 

frequency was judged to be stable for a number of readings, deposition was stopped. The 

Sauerbrey analysis concluded that the average area occupied by a single unit of C7 was 0.214 

± 0.010 nm2 (Figure 5.35 (b)). Although slightly lower than anticipated for such a bulky 

molecule, this is not entirely unexpected, as a similar value was obtained for the initial 

monolayer. A similar value for the deposition of C3 onto S 1 has also been seen. This may be 

due to the presence of trapped solvent or HCl, as well as the presence of unwanted 

physisorbed material , all of which would result in a value slightly less than that of the ideal 

value. To extend the wire to include two and three C7 units, a bridging terephthalaldehyde 

(C4) component was assembled at every other step. It should be noted that owing to poor C4 

assembly, due in part to its size, area calculations are reported for the entire wire, rather than 

for individual components. All calculations are inclusive of 2 HCl moieties. Depositions of 

the second and third C7 units were once again carried out in 20 minute intervals, with average 

total areas measuring 0.270 ± 0.007 and 0.230 ± 0.003 nm2 molecule-1 respectively (Figure 

5.35 (c) and (d)). Similarly, the final assembly of C5 onto system Sl0a resulted in an area of 

0.198 ± 0.009 nm2 molecule-1
• 
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Figure 5.35: Typical QCM results for the deposition of (a) Cl on to an Au-coated substrate to form S1 

and (b)-(d) the subsequent deposition of 1, 2 and 3 C7 units onto SJ. 

A relatively linear relationship between the total frequency change from the clean value and 

molecular mass is exhibited during the construction of system S 1 Oa (Figure 5.36). The 

majority of points indicate a deposition ratio of 1: 1, with an outlier recorded for the wire 

comprising three C7 units. This can be attributed to poor deposition or the presence of other 

adventitious material. 
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Figure 5.36: The total change in frequency from the clean (starting) value measured against the molecular 

mass of each constituent layer. Red corresponds to the initial anchoring layer, S 1, green to that of C7 and 

black to CS. 

5.8.2 PHYSICAL CHARACTERISATION: XPS 

A sample of S8a was prepared on Au-coated HOPG under the same conditions as for those 

prepared and monitored using QCM. A minimum of twelve, ten minute-long depositions were 

carried out for the anchoring Cl SAM, followed by twelve, twenty minute depositions of C7. 

Angle resolved XPS studies were carried out at 0° (vertical) and 80°. At 0°, the high 

resolution scan of the S 2p spectrum was fitted by applying an S 2p312 to 2p112 area ratio of2:1 

and a peak separation of 1.2 eV to the Au-S and SH doublets (Figure 5.37). The doublet 

consisting of peaks at 162.1 and 163 .3 corresponds to the expected Au-S bond. However, the 

presence of a second set of doublets at I 63 .6 and 164.8 e V indicated that SH was also present 

in the sample. At an Au-S to SH ratio of 55:45, we can suggest a number of scenarios having 

occurred. Firstly, we shall consider that, as outlined in Section 5.2, an amount of C l degraded 

during the deposition process, breaking the unstable imine bond to form C2. This would mean 

that the initial monolayer consisted of a combination of Cl and C2. If this were indeed the 

case, C7 would only react with the molecules that had not degraded, resulting in unreacted 

aminothiophenol molecules. As 3-aminothiophenol, or C2, reacts with Au via both the sulfur 

and nitrogen, the presence of SH can be attributed to the presence of C2 bound to Au via the 

amine functional group. A summary of the possible binding combinations present in S8a have 

been presented in Figure 5.38. 
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Figure 5.37: S 2p spectra of S8. taken at 0° (vertical) with blue lines denoting the modelled peaks 

identifying the presence of an Au-S bond and red lines the presence of -SH. 
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Figure 5.38: (a) C2 bound to the Au surface via the amine group, (b) C2 bound to the Au surface via the 

sulfur group, (c) Cl bound to the Au surface via sulfur group and (d) Cl bound to the Au surface via the 

sulfur group and subsequently reacted with C7. 

The N ls spectra of S8a taken from an angle of 0° (vertical) displayed a main peak at 399.6 

eV and a higher energy shoulder at 402.l eV (Figure 5.39 (a)). The lower energy value is 

assigned to a C=N or Au-NH2 environment, and the higher energy value to the protonated 

amine form. This value is comparable with literature assignments for protonated aminophenyl 

groups (402 eV),203 protonated nitrogen species in SiW120 4a4°/4-aminophenyl films (401.9 

ev/04 and the ammonium group in L-Tyrosine (402.2 eV).205 This can be compared with the 
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spectra obtained at 80° (Figure 5.39 (b)) whereby the peak ratio, in this case at 399.6 and 

401.9 eV, changed from 86: 14 to 52:48. This increase in NH/ concentration is expected as 

the grazing angle enhances the signal from surface species relative to bulk species, and so we 

would expect the higher energy peak to increase in concentration from the previous spectra. 

As the complete formation of S8a was under question, further analysis was carried out to 

compare the ratio of nitrogen to sulfur species. The ratio can be seen to change from 74:26 to 

83: 17 as the angle changes from 0° to 80°. The decrease in sulfur concentration was expected, 

as the grazing angle became more surface sensitive. We can relate these relative intensities to 

the theoretical N to S ratio for each possible bonding combination, which ranges from 1: 1 for 

C2 and Cl bound to Au, to 5:1 for the complete wire. At 0°, the ratio was 2.9:1 , which 

supports the suggestion that S8a is composed of a combination of molecules assembled onto 

the Au surface. 
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Figure 5.39: Modelled N ls spectra taken at (a) 0° and (b) 80° show an increase in the higher energy 

shoulder~ 402 eV with increased grazing angle. 
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5.8.3 ELECTRJCAL CHARACTERISATION: l-V 

For clarity, a summary of the I-V results obtained for S88-S 1 Oa have been presented in Table 

5.7. For each plot, the forward and reverse sweeps have been averaged. 

System 

S8a 

SIOa 

No. C7 
units 

2 

3 

Length/ 
nm 

1.8 

3.1 

4.4 

Rectification 
<RR>at± lV 

1.4 

1.8 

1.5 

1-V characteristics 

I 1.2 

-1.2 

I 1.2 

'2 

-1.2 

f 1.2 

~ 

·1.2 

Table 5.7: A summary of S8.-S1 O. with respect to their electrical properties. 

The addition of the first electron donating C7 unit to S 1 resulted in a wire approximately 1.8 

nm in length. The electron donating nature of the wire gave rise to symmetrical I-V properties 

with an <RR> of 1.4 at ± 1 V. This suggests that S8a exhibits little to no preference in the 

direction of current flow through the wire. As the wire is comprised of two donating units i.e. 

electrode I D-n-bridge-D I electrode, this is to be expected. The /-Vplots for S9a and SlOa can 
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also be seen to exhibit symmetrical curves with an <RR> of 1.8 and 1.5 at± 1 V respectively. 

There is very little difference in the average rectification values for each wire. This is owing 

to the overall electron donating nature of the wire dominating electron flow through the 

system, allowing current to flow equally in both directions. 

5.8.4 SUMMARY 

The assembly and subsequent characterisation of S8a-S 1 0a has proved to be more complicated 

than that of S3a-S5a. Section 5.8 has attempted to demonstrate the predicted coupling of a 

single aldehyde to two amine functionalities, resulting in average areas per molecule of 0.214 

± 0.010, 0.270 ± 0.007 and 0.230 ± 0.003 nm2 for the assembly of one to three C7 units. Due 

to problematic C4 deposition, confidence in the Sauerbrey analysis is not as high as it could 

be and in such a case XPS characterisation is imperative. Such an examination revealed the 

presence of not only C 1 as an anchoring molecule, but also C2, which, as established in 

Section 5.2, can bind to the gold surface via either of its two substituents, thus impairing the 

successful assembly of S8a. Replacing the electron accepting C3 unit of systems S3a-S5a with 

that of electron donating C7, resulted in symmetrical 1-V features, with the <RR> ranging 

from 1.4 to 1.8 at ± IV for the three wires. Again, these must be treated with some caution as 

the XPS results were not conclusive. 

5.9 FORMATION OF S11 

An analogue of Cl , 4-{(E)-l ,3-dihydro-2H-benzimidazol-2-thione-5-yl)imino]methyl} 

benzaldehyde, or C8, has been self-assembled onto gold in order to investigate its suitability 

as an initial anchoring group in the synthesis of a multi-component wire. C8 is composed of 

an aromatic backbone with a terminating aldehyde group at one end and a thiol group at the 

other. Literature reports suggest C8 may assemble on gold surfaces via either a neutral or 

cationic fonn , 192 with the aldehyde providing a point for amine-te1minated compounds to 

react in order to elongate the wire. 
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5.9.1 PHYSICAL CHARACTERISATION: QCM 

(a) (b) 

Figure 5.40: C8 self-assembled onto an Au substrate via an (a) Au-N and Au-S linkage or (b) an Au-N 

linkage to form S11. 

A gold quartz crystal was dipped into a CS-containing solution in IO minute increments for a 

total of between 70 and 170 minutes. Once the frequency was judged to be stable over several 

depositions a Sauerbrey analysis was carried out to reveal a typical area per molecule of 0.257 

± 0.013 nrn2 (Figure 5.41). This suggests the assembly of S11 results in a closely packed 

monolayer, and can be compared to the cross sectional area of benzene in an end-on 

arrangement of ca. 0.25 nrn2
. 
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Figure 5.41: Typical QCM results for the deposition of C8 onto an Au-coated substrate to form S11. 

5.10 FORMATION OF S12A-S13A 

Following the initial deposition of CS to form the monolayer S11 , an electron accepting C3 

unit was assembled via a condensation reaction to form the bilayer system, S 12a. 
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5.10.1 PHYSICAL CHARACTERISATION: QCM 

Figure 5.42: The formation ofS12.-13a consisting of between 1 and 2 repeating C3 units. 

The second component, C3, was deposited on top of S 11 in two-hourly immersions for a 

maximum of ca. 15 hours to form S 12a (Figure 5 .42). As observed previously, the deposition 

time for C3 was much longer than that of the initial monolayer, owing to the bulky nature of 

the compound and slow imino bond formation. The subsequent Sauerbrey analysis revealed 

the average area occupied by a single molecule similar to that of the previous layer, at around 

0.207 ± 0.010 nm2
, (Figure 5.43 (a)). This suggests that the wire 's components deposited in a 

1: 1 'ratio. S 12a can also be extended using a C4 and a second C3 unit to form S 13a, a four

component system that mirrors that of S43 • Calculated areas for the final two layers were 

0.213 ± 0.006 (Figure 5.43 (b)) and 0.268 ± 0.008 nm2 molecule-1 (Figure 5.43 (c)) after a 

total of 760 and 1050 minutes respectively. These results can be combined (Figure 5.43 (d)) 

to show a linear relationship in the deposition of all four layers, providing evidence that each 

unit is assembling in an approximately 1: 1 · ratio. Confirmation of the two initial assembly 

steps has been provided by XPS in the literature, 192 indicating the successful formation of 

S12a on Au(l 11). 

97 



1.6 ,--- ------ --------, 

";"Q) 

:5 
0 
Q) 

0 

1.2 

NE 0 .8 
E 
C 

co 
~ 
<t: 

0.4 

• ·,. 
••• .... 

••• • • • • • • • 

Time/min 

(a) 

- •--. • .---.,r-41• 

1.6 ,-------------- --, 

1.2 • 

0.4 

• 

• 

• 
• • 

• ___..._._ 

200 400 600 800 1000 1200 

Time/min 

(c) 

1.0 ,--------- --------, 

0.8 

• 

• 

0.2 

• 
• 

• 

• 

• 
• 

• • 

• • • • 

0.0 '----~---~----'-----' 
0 200 400 

Time/min 

(b) 

600 800 

0..-----------------, 

-100 

I 
-200 

I 
-300'----'-----''-----'----'----' 

0 200 400 600 800 1000 

Molecular Mass 

(d) 

Figure 5.43: Typical QCM results for the deposition of (a) C3 onto Sl 1 to form S12., (b) C4 onto Sl 2. and 

(c) a second C3 unit to form S13 •. (d) shows the total change in frequency from the clean (starting) value 

measured against the molecular mass of each constituent layer. Red corresponds to the initial anchoring 

layer, Sl l, green to that of C3 and blue to C4. 
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5.11 FORMATION OF S14 

Thus far, the majority of self-assembled systems under investigation have almost exclusively 

involved the anchoring of an initial monolayer via a reactive thiol headgroup. Whilst the 

covalent Au-S bond is beneficial to the formation of SAMs, the number of possible bonding 

geometries have resulted in fluctuating conductance traces in a number of studies. In contrast, 

parallel investigations involving an anchoring amine functionality have resulted in reports of 

improved definition and reliability.206•207 This can be attributed to the contact resistance 

between respective headgroups and the Au electrode, which is greater for Au-S than for Au

NH2.20 1 The resistance is dependent on electronic coupling efficiency between the headgroup 

and electrode, of which amines rather than thiols exhibit improved alignment between the 

Fermi level of Au and its own molecular orbitals. It is for this reason that increasing interest is 

being shown in SAMs formed via an Au-NH2 linkage, and why the assembly of C7, a 

molecule substituted with only - NH2 groups is studied in this Section (Figure 5.44). The 

suitability of C7 as an alternative anchoring molecule is two-fold; the molecule can bind to 

Au with one or more - NH2 groups, and extension of the wire is possible with the introduction 

of an aldehyde-terminated compound, such as C4. 

4HCI 

Figure 5.44: C7 acts as an anchoring layer on Au. 

5.11.1 PHYSICAL CHARACTERISATION: QCM 

C7 was deposited on a gold-coated quartz crystal from solution in 5 minute immersions for a 

total of between 70 and 140 minutes. The deposition was judged to be complete at an area per 

molecule of ca. 0.132 ± 0.005 nm2
• Although this value initially appeared low, repetitions 

revealed similar areas ofO.117 ± 0.003 and 0.137 ± 0.0002 nm2 molecule· ' (Figure 5.45). It 

should also be noted that all area calculations are inclusive of 2 HCl moieties. 
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Figure 5.45: Typical QCM results for the deposition of C7 on to an Au-coated substrate to form S14. Red, 

blue and green circles denote separate depositions of C7. 

5.11.2 PHYSICAL CHARACTERISATION: XPS 

A sample of S14 was prepared by immersing an Au coated HOPG substrate in a solution of 

C7 every 5 minutes for a total of 125 minutes. C7 can be expected to bind to gold with either 

a single or pair of nitrogen atoms. This may be via the nitrogen lone pair or by the formation 

of a covalent bond between the deprotonated nitrogen and gold. Of particular interest is the 

high resolution scan of the N 1 s spectrum. This gives an indication of the number of bonding 

nitrogen atoms per molecule. There is clearly a peak within the range of 398-401 eV. 

However, deconvolution of the asymmetrical curve yields a range of results (Table 5.8), each 

of which shall be analysed and discussed separately. 

Analysis NlsBE/eV Proportion of 
Inference 

element/% 

1 399.6 100 -NH2 

2 (a) 
399.2 50 Au-N 
400.0 50 NH2 

2 (b) 
399.3 57 Au-N 
400.4 43 -NH2 

3 
399.1 30 Au-N 
399.9 70 -NH2 
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4 
399.4 
401.1 

44 
56 

Au-N 
-NH/ 

Table 5.8: Summary of the possible N ls binding configurations of Sl4. 

ANALYSIS 1 AND 2: PHYSISORPTION AND BONDING VIA TWO AMINE SUBSTITUENTS 

The simplest analysis of the N ls spectrum (Figure 5.46 (a)) yields a single broad, 

symmetrical peak centred at 399.6 eV upon deconvolution. This value lies slightly closer to 

the typical value of an unbound, primary -NH2 presence (~400 eV), rather than that of a 

bound Au-N (~399 eV). The lower energy value has also been seen in Section 5.2, with the 

attachment of C2 to gold via the nitrogen. However, this does not provide any information on 

the actual bonding mechanism. Thus, we can speculate that C7 is not chemically bound to the 

Au surface, but is instead weakly physisorbed, at an unknown orientation. However, as the 

binding energy of the symmetrical peak falls roughly between the afore-mentioned values, it 

is possible that the main peak at 399.6 eV arises from twin peaks of similar intensity at ~399 

and 400 eV. In order to consider this possibility, the symmetrical peak was further 

deconvoluted into two smaller peaks, of which the areas and peak widths were constrained to 

be approximately equal. This gave rise to binding energy values of 399.2 eV (Au-N) and 

400.0 eV (-NH2) , at a ratio of 50:50 (Figure 5.47 (a)). At this ratio, we can deduct that C7 is 

weakly adsorbed to the Au surface via the lone electron pairs of two nitrogen groups (Figure 

5.47 (c)). Using the constrained model as a guide, the main peak can be deconvoluted into two 

unconstrained peaks at 399.3 and 400.4 eV at a ratio of 57:43 (Figure 5.47 (b)). This 

corresponds approximately to the model whereby two nitrogen moieties are bound to the Au 

surface, with the residual two remaining unbound. 
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Figure 5.46: (a) The N ls spectrum ofS14 and (b) the corresponding structure with red donating the 

physisorbed amine form. Note counterions have not been included for clarity. 
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Figure 5.47: (a) The constrained N ls spectrum of SJ 4, (b) the unconstrained N ls spectrum ofS14 and 

(c) the corresponding structure with red donating the unbound amine form and blue donating the bound 

amine form. Note counterions have not been included for clarity. 
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ANALYSIS 3: BONDING VIA ONE AMINE SUBSTITUENT 

The calibrated N ls spectrum (Figure 5.48(a)) yields two component peaks upon 

deconvolution, the larger of which (70% concentration) occurred at 399.9 eV, and the smaller 

of which (30% concentration) occurred at 399. l eV. The presence and area of the peak at 

399.9 eV indicates the majority of analysed nitrogen atoms belong to an unbound NH2 

moiety, with 30% belonging to a bound nitrogen. If we are to consider this 30:70 ratio in 

terms of the four nitrogen moieties present in the C7 molecule, we can speculate that 

approximately one in every four (25:75 as opposed to 30:70) nitrogen atoms are attached to 

the gold surface (Figure 5.48 (b)). 

800 

CJ) 400 
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Binding energy/eV 
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Figure 5.48: (a) The N ts spectrum of S14 and (b) the corresponding structure with red denoting the 

unbound amine form and blue denoting the bound amine form. Note counterions have not been included 

for clarity. 

ANALYSIS 4: BONDING VIA TWO AMINE SUBSTITUENTS WITH TWO ADDITIONAL PROTONATED 

AMINES 

The final analysis of the N ls spectrum involves a wider region of data than used previously. 

This creates a shift in the higher energy shoulder from ~400 e V to 401.1 e V. This is 

accompanied by a lower energy peak at 399.4 eV. A comparison of the peak areas shows 56% 

of the nitrogen occurring at a binding energy of 401.1 eV, and the remaining 44% at 399.4 eV 
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(Figure 5.49 (a)). The peak at 399.4 eV is indicative of a bound nitrogen (Au-N), the ratio of 

which advocates approximately two nitrogen atoms binding to the Au surface (Figure 5.49 

(b)). Literature suggests that the broader peak at 401.1 eV is due to the presence of a 

protonated amine group (-NH/ ), 188 of which there are approximately two. These protonated 

amines may be formed by the reaction of an amine with a dissociated hydrogen ion from 

either HCl or H20. It is possible that either of these compounds could be present to cause the 

protonation, as HCl is present in C7, and H20 present in the atmosphere. 

406 404 402 400 398 396 394 

Binding energy/eV 

(a) (b) 

Figure 5.49: (a) The modelled N ls spectrum ofS14 and (b) the corresponding structure with green 

donating the protonated amine form and blue donating the bound amine form. Note counterions have not 

been included for clarity. 

5.11.3 SUMMARY 

An investigation into the assembly characteristics of C7 on Au(l 11) has revealed an 

apparently disordered state, as evidenced by the relatively low area per molecule (0.117-0.137 

nm2
) . Although approximately half of the expected value, the reproducibility of the systems 

suggests that assembly is occurring in a similar way each time. Upon XPS analysis, a broad 

peak between 398 and 401 eV is evidenced in the N ls domain. Deconvolution of this peak 

cannot be conclusively ascribed to any one binding mode. Instead, four possible bonding 

configurations have been investigated. The first mode involves a single, broad peak centred at 

399.6 eV, indicating physisorption of C7 to the Au surface. Constraint of this region into two 
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separate peaks reveals binding energies centred at 399.2 (57%) and 400.0 eV (43), indicating 

bonding between two of the four - NH2 groups and the Au surface. A third analysis reveals 

two peaks centred at 399.9 (70%) and 399.1 eV (30%), which implies metal-molecule 

bonding is occurring through only one of the four available - NH2 moieties. The fourth 

possibility also involves deconvolution into two peaks, with binding energies centred at 401.1 

eV (56%) and 399.4 eV (44%). Again, bonding is alleged to occur through two - NH2 groups, 

with the remaining two becoming protonated. XPS analysis, coupled with a Sauerbrey study 

points to the presence of different bonding geometries, inclusive of multilayer formation and 

physisorption. The resultant disordered system determines its unsuitability as an anchoring 

layer in SAM formation. 

5.12 ASSEMBLY CHARACTERISTICS OF C9-Cl5 

Guanidine-containing compounds are attracting an increasing amount of attention, resulting in 

numerous biological applications, including anti-HIV drugs208 and anti-cholinesterase 

inhibitors.209 The routine use of such compounds at biological interfaces is due to the 

selective ability of guanidinium cations to recognise receptors such as phosphates and 

carboxylates by hydrogen bonding, electrostatic and n-stacking interactions.2 10 In this way, 

monolayers of guanidine-containing molecules have been shown to immobilise 

complementary molecules at the air-water interface, effectively creating a 2D repeating 

pattern. C9-C15 are structurally similar, with each compound containing a guanidine 

functional group, and varying degrees of aromaticity. These related compounds have been 

studied with regards to their self-assembly properties on gold. 

5.12.1 PHYSICAL CHARACTERISATION: QCM 

Each compound was deposited on a gold-coated quartz crystal in 10 or 20 minute increments. 

The crystals were then removed from solution, washed and allowed to dry before a frequency 

measurement was taken. The time taken for a stable frequency to be reached varied from a 

total of 60 to 180 minutes. For clarity, a summary of the QCM analysis results obtained for 

C9-C15 have been presented in Table 5.9. 
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COMPOUND STRUCTURE SAUERBREY ANALYSIS 
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Table 5.9: Sauerbrey results for the deposition of C9-Ct5 onto an Au(t 11) surface. 

C9 and Cl0 exhibited similar areas of 0.236 ± 0.002 and 0.275 ± 0.021 nm2 molecule-1 

respectively. As these compounds are almost identical, the similarity is not unexpected. Cl 1 

and C12, however, displayed areas of 0.511 and 0.500 nm2 molecule-1 respectively. As 

expected, these structures are also closely related. From Table 5.9, we can see that C9 and 

CIO consist of the same structures as Cl 1 and C12, except for the presence of a terminating 

naphthalene group in place of a single benzene unit. Therefore, we can consider the apparent 

difference in packing geometries with respect to (i) molecule-molecule, (ii) molecule

substrate and (iii) headgroup-substrate interactions within the SAM. The balance between 

these competing reactions greatly affects the resultant thin film structure.2 11
-
214 An example 

outlining the importance of these competing interactions is that of alkanethiol SAM packing 

geometries on Au ( 111 ), as reported by Barenna et al. 2 15 They demonstrated that an increase 

in alkyl chain length resulted in dominant intermolecular van der Waals interactions within 

the system. Consequently, SAMs of these molecules formed a close-packed, upright 

monolayer. In contrast, shorter molecules comprising around ten carbon atoms favoured a 

tilted geometry (50° with respect to the Au surface) due to contributions from the molecule

substrate interaction. 

Firstly, the intermolecular n-bonding between neighbouring aromatic systems shall be 

considered. A comparison of theoretically calculated interaction energies between face-to

face oriented benzene-benzene and naphthalene-naphthalene molecules reveals energies 

estimated at 1.3-3.4 kcal mor1 and 3.8-7.5 kcal mor1, respectively.216
•
217 This indicates that 
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for the naphthalene-containing molecules, C9 and C 10, intermolecular interactions due to re-re 

bonding dominate over the molecule-substrate interactions. This allows the molecules to form 

an upright, densely-packed monolayer, and hence exhibit a lower area per molecule. 

As the inter-molecule interaction is less significant in C 11 and C 12, it is possible that the 

molecule-substrate interaction has more of an effect. Indeed, Oteyza et al.218 expressed the 

belief that as molecule-molecule interactions weaken, the molecule-substrate interactions 

become more prominent. This would result in a large number of molecules lying parallel to 

the metal surface rather than upright, with increased bonding interactions between the 

aromatic system and surface, which would in turn hinder the successful self-assembly of a 

homogenous monolayer. From this, we can conclude that the self-assembly of Cl 1 and C12 

results in a system with a large amount of disorder, in which some molecules lie parallel to 

the Au surface, rather than perpendicular. Thus, the area per molecule for Cl 1 and C12 is 

calculated as twice that of C9 and Cl 0. 

The structure of C13 is identical to that of Cl 1, with the exception of two methyl groups on 

the terminating amine moiety. The self-assembly of this compound results in a final area per 

molecule of 0.498 ± 0.003 nm2
, similar to that of Cl 1 and C12. This indicates an arrangement 

whereby the molecule is lying parallel to the Au surface. Furthermore, reports suggest that 

dimethylamino groups, often used in capping gold nanoparticles, are capable of bonding to 

gold surfaces via the nitrogen lone pair. 219 Therefore, C 13 is expected to bond via both the 

lone pair as well as the re-orbitals of the aromatic ring. 

Cl4 exhibits the greatest area per molecule of the series of 0.581 ± 0.006 nm2 at surface 

saturation. Again, this molecule consists of only one aromatic ring, which suggests a 

geometry whereby the molecule is lying parallel to the surface. The added presence of two 

branching butyl chains on the terminating amine group would also be expected to have an 

effect on the area, causing it to increase. 

C15, unlike C9-14, contains a sulfur functional group substituted onto the aromatic ring, as 

well as a terminating guanidine moiety. Although C15 consists of a single benzene ring, it 

does not result in a similar molecular area as the corresponding Cl 1 and Cl2 molecules. 

Instead, an area of 0.213 nm2 molecu1e·1 was achieved after a series of fifteen depositions. 

Once again, this can be attributed to the molecule-substrate interactions between the reacting 
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headgroup and gold surface. Unlike the afore-mentioned Cl 1 and C12 molecules, C15 is 

likely to bind to the surface via the sulfur rather than the nitrogen, due to the higher binding 

energy of the Au-S (40-45 kcal mor1
) to Au-NH2 (9-18 kcal mor1

) bond. Thus, C l 1-14 

would be expected to bind to the gold surface via one or more nitrogen lone pairs. It is well 

known that molecules containing a functional group with a large surface affinity often adopt 

upright configurations.21 4
' 

220
• 

221 This allows C15 to condense into a well packed monolayer, 

and hence the area of 0.213 ± 0.009 nm2 molecule-1, which corresponds approximately to the 

cross-sectional area of benzene (ca. 0.25 nm2 molecule-1
) in an end-on anangement. Although 

the value obtained is slightly lower than this value, it can be explained by the presence of any 

remaining solvent, unremoved physisorbed material, or undesirable contaminants. 

5.12.2 PHYSICAL CHARACTERISATION: XPS 

Samples of C 10-C 15 were prepared for XPS on gold-coated HOPG under duplicate 

conditions for those monitored using a Sauerbrey analysis. Due to an extended period of time 

between sample preparation and XPS analysis, all subsequent findings must be viewed with a 

certain amount of caution. Whilst there is no doubt that a peak is distinguishable from 

background noise in the N 1 s domain, it is broad and poorly defined, with an approximate 

range of 7 eV between 398 and 405 eV. Therefore, although the results confirm the presence 

of nitrogen-containing compounds, we cannot conclusively infer the individual nitrogen 

environments. Whilst the XPS results are inconclusive, QCM studies have confirmed 

adsorption, and from previous studies we can proposed adsorption via a gold-amine bond for 

the majority of compounds as identified in other nitrogen-containing compounds. 

5.13 FORMATION OF S15-Sl 7 

Section 5.13 describes the formation of system S 17 on TiO2 via a three step process. The 

initial step involved the addition of a suitably reactive anchoring group to the TiO2 substrate 

to form Sl5. Secondly, a single C4 unit was assembled onto SIS from solution in order to 

form S 16 through the chemical coupling of terminating amine and aldehyde groups. This was 

followed by the assembly of an electron accepting C3 molecule, via the same condensation 

reaction as the previous step, to form S 1 7, which measures ca. 2.4 nm in length. Confirmation 

of each step was provided by QCM, with additional XPS analysis of S 15. This study has also 

been repeated on TiO2 nanoparticles, with analysis using IR Spectroscopy. As well as 
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constructing systems S 15 to S 17, the particulate-based wire was extended over a fu1ther three 

steps to create a structure mirroring that of S4b on gold. 

5.13.1 FORMATION OF S15 

The ability of organic functional groups such as organosilanes89 and carboxylic acids91 to 

chemically bond with and modify TiO2 surfaces has been well documented. Much interest lies 

in particular with the acid-modified surfaces, and it is for this reason that Cl 6 was chosen as 

the initial mono layer in the stepwise formation of systems S 15 through to S 17. Comprising a 

single aromatic ring with para-substituted amine and carboxylic acid groups, Cl 6 is an ideal 

candidate. The carboxylic acid is able to self-assemble onto the TiO2 substrate in a variety of 

possible bonding configurations, as outlined in Section 1, whereas the amine group allows for 

extension of the wire via the same aldehyde-amine coupling seen throughout. 

5.13.2 PHYSICAL CHARACTERJSATION: QCM 

Ti02 I }-0-NH, 

Figure 5.50: C16 self-assembled onto a TiO2 substrate via a TiOracid linkage to form S15. 

S15 was formed by immersing a TiO2-coated quartz crystal in a solution of C16. By 

depositing the material of interest on a quartz crystal, we were once again able to monitor the 

rate of deposition and calculate the total surface coverage of a monolayer. For the deposition 

of C16, a TiO2-coated quartz crystal was immersed for between 5 and 20 minutes in solution, 

washed with ethanol and allowed to dry before having its frequency measured. A typical 

QCM deposition profile of C16, (Figure 5.51) results in a plateau being reached after 410 

minutes at an area of 0.246 ± 0.002 nm2 molecute·1
. This corresponds approximately to the 

cross-sectional area of a benzene ring, suggesting that Cl6 assembles on a TiO2 surface as a 

closely packed monolayer, S 15 (Figure 5.50). 
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Figure 5.51: Typical QCM results for the deposition of C16 on 

a TiOi-coated substrate to form S15. 

5.13.3 PHYSICAL CHARACTERISATION: XPS 

A sample of S 15 was prepared on a Ti02-coated quartz crystal, and its frequency monitored 

throughout the deposition process. Once a satisfactory number of depositions confirmed that 

the frequency had stabilised at a suitable area, the sample was considered ready for XPS 

analysis. 

Analysis of the high resolution N 1 s spectra (Figure 5.52) revealed a lone, symmetrical peak 

at 399.9 eV. This indicated the presence of a single nitrogen environment, the binding energy 

of which corresponds to an unbound amine (-NH2) presence. The absence of a peak at 396 

eV,222 corresponding to a Ti-N environment confilms Cl6 is not bound to the Ti02 surface 

via the nitrogen moiety. 

The presence of C 16 on the surface could be further confirmed by analysis of the C 1 s and O 

1 s spectra. The high resolution scan of the C 1 s region revealed a principal peak with a high 

energy shoulder, as well as a smaller peak discernible at a higher energy. Upon 

deconvolution, three distinct peaks were established at 284.8 eV (calibration peak), 286.2 eV 

and 288.4 eV. These are assigned to carbon atoms in aromatic C=C bonds, C-NH2 and 

RCOO- respectively, thus confirming the presence of three different carbon environments in 

S15. 
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Figure 5.52: The modelled N ts spectrum of St 5. 

8000 

4000 

292 290 288 286 284 282 280 

Binding energy/eV 

(a) 

40000 
en 
c.. 

i 
'iii 
C 
(I) 

E 20000 

536 534 532 530 

Binding energy/eV 

(b) 

528 526 

Figure 5.53: (a) High resolution spectra of the C ls domain denoting three different environments 

(represented by red, blue and green lines) and (b) high resolution spectra of the O ls domain denoting two 

different oxygen environments (red and blue lines). 

Analysis of the O 1 s domain clearly indicated the presence of a central peak with a high 

energy shoulder. Upon deconvolution, two peaks centred at 529.9 eV and 531.0 eV were 

obtained. The lower energy peak matches literature reports of lattice oxygen in the TiO2 

surface, 
223 

with the higher energy peak being assigned to a carboxylate environment. The 

latter value is indicative of both oxygen atoms present on. Cl 6 being bound symmetrically to 

the TiO2 surface. This can be compared to the C 1 s spectra of free C 16,182 which exhibits two 

peaks at 531.8 eV and 532.2 eV, each corresponding to a single oxygen in the O-C=O moiety. 
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The absence of a peak centred at 532.2 e V in the spectra of S 15 suggests the negative charge 

on Cl 6 is delocalised across both oxygen atoms, resulting in the single peak at 531.0 eV. 

The high resolution scan of the Ti 2p spectrum, (Figure 5.54) was resolved into two well

defined, prominent peaks at 458.5 eV and 464.2 eV. These are typical values for the Ti4
+ 2p312 

and 2p 112 states, respectively.224
•
226 The energy separation between the two states of 5.68 eV 

provides further evidence of the presence of Ti4
+,

227
•
228 which is found in the TiO2 chemical 

environment. For clarity, the expected peak separation for pure Ti-Ti would be slightly 

higher, at ca. 6.15 eV.229 
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Figure 5.54: High resolution spectra of the Ti 2p domain, with red corresponding to the Ti4+ 2p312 state 

and blue corresponding to the Ti4+ 2p112 state. 

To confirm Cl 5 was binding to the TiO2 surface via the acid group, rather than the amine, an 

angle-resolved XPS study was carried out on the system. This was done by reducing the take

off angle with regards to the surface normal, allowing depth-resolved studies on S 15 to 

monitor the oxygen distribution in the substrate and near-substrate regions at six angles 

between 0° and 80°. However, the following analysis should be treated with caution as the 

molecule is small enough that angle resolved studies may not effectively resolve the atomic 

positioning of elements. In particular, we can compare the total oxygen content, as well as the 

separate oxygen environments with varying take-off angle. The O ls data taken at 15°, 45° 

and 80° has been considered in order to provide a sufficient range of data. Table 5 .10 shows a 

summary of the values obtained in terms of peak binding energy, percentage ratio of each 
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peak, as well as combined peak areas. It has been established that as the angle increases, the 

percentage concentration of the two peaks alters. At 15°, the peak at 529.9 eV is clearly of the 

greatest concentration (59%), whereas it can be observed to decrease to 54% of the total 

oxygen content at 45° and to 45% at 80°. Thus, as the scan becomes more surface sensitive, 

the lower energy signal at ca. 530 e V becomes less concentrated than the higher energy peak 

centred at ca. 531 eV. This suggests the assignment of chemical environments is indeed 

appropriate, as the TiO2 signal would be expected to decrease with increasingly shallow 

angle, resulting in the greater signal intensity of the carboxylate peak. Further evidence of the 

decreasing TiO2 signal with increased angle can be established by investigation of the Ti 2p 

spectrum, whereby both signals were also seen to decrease in intensity. 
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Figure 5.55: An overlay of the (a) 0 1s spectra and (b) Ti 2p spectra at (i) 15°, (ii) 45° and (iii) 80°. 

Binding 
Percentage 

Total Angle 
energy/eV Assignment concentration/ 

% 
area 

15° 529.9 TiO2 59 
91907.2 

531.0 RCOO- 41 

45° 529.8 TiO2 54 
60100.6 531.1 RCOO- 46 

80° 529.8 TiO2 45 
15164.2 

531.3 RCOO- 55 

Table 5. 10: Summary of the angle-resolved O 1 s results. 
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However, analysis of the oxygen data by itself may result in an imperfect analysis, as excess 

oxygen is often present in spectra in which both the substrate surface and assembled molecule 

should be free of such contamination. Indeed, a comparison of the normalised NH2:RCOO

peak areas reveals a N:O ratio of 1 :44 at 0°, rather than the expected 1 :2. It is therefore likely 

that the signal is caused not only by the carboxylate oxygen, but also that of one or more 

unidentified contaminants, with possible examples including H2O, CO and CO2. The presence 

of carbon in the contaminants is a distinct possibility, as the N:C ratio is 1 :60, many times 

higher than the expected ratio of 1:7. Therefore, a similar analysis of the N 1 s spectrum was 

also carried out (Table 5.11). 

Angle 
Binding 

Assignment Total area 
enere:v/eV 

15° 399.8 -NH2 649.9 

45° 399.9 -NH2 539.9 

goo 399.8 -NH2 221.6 

Table 5.11: Summary of the angle-resolved N 1 s results. 

Unexpectedly, the trend in decreasing peak intensity with increasing surface sensitivity seen 

in the O 1 s spectrum was repeated for the N 1 s spectrum (Figure 5 .57), with areas decreasing 

from 649.9 at 15° to 543.7 at 45° and finally to 206.3 at 80°. A decreasing intensity 

may indicate that the layer is disordered with, for example, some molecules physisorbed on 

the TiO2 surface and therefore horizontally aligned as well as vertically aligned via 

chemisorption. 
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Figure 5.57: An overlay of the modelled N 1 s spectra at 15° (red), 45° (blue) and 80° (green). 

5.13.4 FORMATION OF S16 AND Sl 7 

Following the initial deposition of C16 to form the monolayer S15, a bridging C4 unit was 

subsequently assembled via the well-known reaction between terminating amine and aldehyde 

groups to form S16 (Figure 5.58 (a)). This was followed by a C3 molecule (Figure 5.58 (b)), 

mirroring the extension template seen throughout the majority of systems. 

(a) 

(b) 

Figure 5.58: (a) S16 formed by the self-assembly ofC4 onto S15 and (b) the subsequent formation ofS17 

by the self-assembly of C3 onto S16. 

5.13.5 PHYSICAL CHARACTERISATION: QCM 

In order to mimic the assembly of S 1, C4 was reacted with S 15 to f01m S 16. S 15 was dipped 

in solution in 20 minute depositions for between 140 and 260 minutes (Figure 5.59 (a)). The 

Sauerbrey analysis revealed a final area of 0.245 ± 0.020 nm2 molecule-' , which is in good 

agreement with the area calculated for the initial monolayer (0.246 ± 0.002 nm2 molecule-'). 
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This suggests that the aldehyde moiety on C4 reacted with the terminating amine group on 

S 15 to form a multilayer system in a l: 1 ratio. 

S 17 was subsequently formed by depositing C3 onto the as-prepared S 16 in two-hourly 

immersions for a maximum of 12 hours to form S17 (Figure 5.59 (b)). As noted previously, 

the deposition time increased considerably for the successful self-assembly of C3 due to the 

bulky nature of the compound and slow imino bond formation. A Sauerbrey analysis revealed 

the average area occupied by a single molecule of C3 to be 0.189 ± 0.018 nm2 molecule-1
• 

This value was lower than that exhibited by the previous two layers and may have been 

caused by trapped solvent, as well as any remaining physisorbed material, resulting in a less 

than ideal value. 
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Figure 5.59: Typical QCM results for the deposition of(a) C4 onto S15 and (b) C3 onto S16. 

5.13.6 INFRARED SPECTROSCOPY ANALYSIS OF T ITANIA NANOPARTICLES 

As a complementary technique to XPS analysis with which to confirm the step-by-step 

coupling predicted in the formation of systems S15-17, TiO2 nanoparticles were prepared in 

parallel. Infrared analysis of these nanoparticles provides an insight into the specific resonant 

frequencies of each functional group present. Such investigations were carried out at each 

stage of construction, culminating in a system measuring ca. 4.9 nm in length comprised of a 

total of six molecular components (Figure 5 .60) 
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Figure 5.60: S17 was extended by a further three steps, with analysis via FT-IR spectroscopy. 

FT-IR samples were prepared in KBr and the resultant spectra normalised to the peak at 3400 

cm-1. The FTIR analysis of S 15 is in good agreement with that of work published by Rahal et 

al., 182 
with peaks at 3416 (OH), 1626 (OH) 1607, 1540, 1489, 1405 (vs(COO), Vas(COO), 

v(C=C)), 1304, 1182 (v(C-O), v(C-N)), 500-900 (v(Ti-O)). Of particular interest are the bands 

at 1607, 1540, 1489 and 1405 cm-1, as these can be attributed to asymmetric Vas(CO2-) and 

symmetric vs(CO2-) stretches respectively. This confirms the chemisorption of C16 to TiO2 

nanoparticles as a carboxylate, with a ~v range, where ~v = [vas(CO2)- v5(CO2)], of 118-135 

cm-1. This suggests the molecule coupled to TiO2 by either a bidentate bridging or chelating 

coordination. The wide band between 2500 and 3600 cm-1 is most likely due to the presence 

of adsorbed hydroxyl groups, water, and any remaining solvent. The v(Ti-O-Ti) structure is 

thought to be responsible for the broad region between 500 and 900 cm-1, and can be seen in 

all subsequent spectra. After coupling with each aldehyde-terminating C4 unit, a C=O 

stretching band is observed at 1683 and 1693 cm-1, respectively. This peak is suppressed 

when reacted with the next amine-terminating C3 unit (Figure 5.61), indicating the successful 

assembly of each constituent molecule. 
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Figure 5.61: FT-JR spectra normalised to ~3400 cm·' peak showing the stepwise formation of (i) the initial 

S15 mono layer on TiO2 nanoparticles, and coupling in turn with C4 ((ii) and (iv)), C3, ((iii) and (v)) and 

(vi) a terminating CS unit. 

5.13.7 SUMMARY 

Section 5.13 has investigated the ability of Cl6 to self-assemble onto a TiO2 surface from 

solution. With an average area per molecule of 0.246 ± 0.002 nm2, this is consistent with 

areas demonstrated by similar molecules on gold. Assembly via the carboxylate group is 

proven using XPS, which identifies a N l s peak centred at 399.9 eV cotTesponding to an 

unbound amine group. Angle-resolved studies were not entirely conclusive, although this is 

not unexpected for such a small molecule. The presence of a single peak between 531.0 eV 

and 531.3 eV in the O l s spectrum is attributed to RCoo·, which indicates that bonding 

between the carboxylate and TiO2 surface involves equivalent oxygen environments, with 

delocalisation occurring across the O-C=O region. This is confirmed by infrared analysis of 

the cotTesponding nanoparticles, where the co2· stretching values imply a bridging or 

chelating binding form. The subsequent addition of a C4 unit onto S 15 to form S 16 reveals a 

reasonable area per molecule of 0.245 ± 0.020 nm2
, similar to that of the first layer. This 

suggests the formation of an ordered, relatively defect-free multilayer construct. Infrared 

analysis of the corresponding system illustrates the presence of the terminating aldehyde 
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functional group by the emergence of a well-defined band at 1683 cm-1
• The suppression of 

this peak following the addition of an amine-terminating C3 unit indicates the successful 

assembly of a third molecule onto the TiO2 nanoparticles. This is reflected in the Sauerbrey 

analysis, although between final depositions of layer 2 and 3, a lowering of the molecular area 

was observed, from 0.245 ± 0.020 to 0.189 ± 0.018 nm2
. This has been attributed to the 

presence of contaminants or trapped solvent within the system. 
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6.0 CONCLUSIONS 

This thesis has reported the formation of novel molecular wires of varying lengths. With 

respect to substrate-anchoring group selection, those wires assembled on gold were reacted 

with thjol and amine functional groups, and those on Ti02 with carboxylic acids. Anchoring 

of the initial monolayer was approached using an in-situ self-assembly process with surface 

coverage verified by Sauerbrey analysis of the QCM data. This gave an indication of the 

homogeneity of the deposited system, as well as likely packing orientation of individual 

molecules. Extension of thls first layer to form molecular wires of up to ca. 10.4 nm in length 

occurred by chemical coupling of alternate amine and aldehyde end-groups to form a central 

imine bond. The successful metal-molecule and subsequent molecule-molecule bonding was 

confirmed using XPS to identify the presence of those elemental environments present in the 

assembled system. Of particular interest in this report is the N ls environment, which has 

been found to exist in various systems as an amine, imine, protonated amine and gold-bound 

amine. This is particularly relevant to analysis of compounds containing both thiol and amine 

head-groups, as we have shown that such molecules can assemble onto gold via either of 

these substituents. With respect to their conductive properties, various molecular wires have 

been studied by (a) analysis of their I-V characteristics using Scanning Tunnelling 

Spectroscopy to determine the presence and scale of rectification, and (b) single molecule 

current using the I(t) method. 

The process of assembling multi-component wires was monitored throughout the construction 

process, enabling the identification of packing characteristics of each additional layer. The 

longest wire formed in this manner was that of S7b, consisting of 11 molecular units. This was 

shown to assemble in an approximately linear t::.fvs MM relationship. Analysis of the area per 

molecule for each subsequent layer revealed a close-packed, relatively upright arrangement. 

In contrast, the Sauerbrey analysis of Cl 1-Cl 4 resulted in a single molecule area twice that 

seen previously and is believed to correspond to molecules adopting a position parallel to the 

surface. This has shown the dependence of molecular geometry not only on the anchoring 

group-metal interaction, but also molecule-metal and molecule-molecule interactions. Hence, 

QCM measurements have proven invaluable in determining a molecule's favoured situation, 

although results can be skewed by the presence of unsolicited material. Therefore XPS 

analyses were also carried out on the majority of anchoring layers. This proved particularly 

122 



important for system S2a and S2b, where it was determined that self-assembly favoured the 

formation of Au-N bonds rather than that of the expected Au-S bond. This was established by 

the presence of two N ls peaks at 399.0 and 400.3 eV, which corresponds to nitrogen present 

in both the Au-N and -NH2 environments. This allowed C2 to be ruled out as an initial 

anchoring layer, as it would result in less than 50% coverage of subsequent deposits. As well 

as confirming the presence of the initial monolayer, this method was also used to demonstrate 

the imine formation created by the successful addition of another layer. 

As well as studying the assembly characteristics of molecules assembling onto gold, this 

thesis has also confirmed the ability of wires to assemble in a stepwise fashion on TiO2 

surfaces using a combination of Sauerbrey, XPS and infrared spectroscopy techniques. These 

systems are of particular interest due to their relevance in the construction of hybrid 

microelectronics systems. 

Thus far the synthesis of molecular wires has been discussed in general. Some wires, such as 

S3a-S7 a and S3b-Sh are of particular interest with respect to their rectifying behaviour. By 

synthesising a wire composed chiefly of electron accepting units and capping it at varying 

stages with the bulky CS end-group it has been shown how electron flow can be altered in 

such molecular systems. This can be summarised most elegantly by comparison of S5a and 

S5b, the 1-V characteristics of which are represented in Figure 6.1. The asymmetric curve in 

Figure 6.1 ( a) demonstrates current flow in system S5a with rectification of 2.8 at ± 1 V in the 

negative quadrant. The addition of a bulky CS group results in Figure 6.1 (b ). This too is 

asymmetric, but with an average rectification ratio of 11.5 ± 1 V in the positive quadrant. 
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Figure 6.1: 1-V characteristics of (a) S5. and (b) S5b. 
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We can conclude from this that an increase in steric hindrance hinders electron movement 

across the final section of the wire. Interestingly, rectification does not appear to be present in 

the final two systems, and this has been tentatively attributed to a change in the dominant 

charge transport mechanism with increasing molecular length. Further investigation into this 

hypothesis was carried out by statistical examination of single molecule current measurements 

on each of the five C3-terminating systems. This was implemented using the afore-mentioned 

I(t) method of analysis, the results of which were considered dissimilar to those of the 1-V 

findings. Rather than demonstrating a length-dependant current change across the series of 

wires, the single molecule current remained relatively similar. The inference gained from this 

study, in that all five wires exhibited dominant hopping charge transport with no apparent 

transition from one mechanism to the other, is in contrast to that gained from analysis of the 

1-V properties of each systems. As no conclusive interpretation can be made, future work 

should include an investigation into the effect of temperature on conductivity. 
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7.0 FURTHER WORK 

The QCM technique has proven to be an invaluable tool throughout this work, allowing 

adsorption processes to be monitored and final surface areas per molecule to be calculated. 

From this, the packing characteristics of numerous systems have been inferred. However, the 

QCM method does not take into account tilting of the molecule relative to the surface, which 

is expected to occur in systems comprising the initial CI molecule. In order to address this 

issue, further surface analysis, via surface plasmon resonance (SPR) for example, would be 

necessary. Not only can this provide an indication of the tilting angle of the SAM, it would 

also detect small changes in molecular thickness, and thus be used to confirm the successful 

addition of each consecutive monolayer. This quantitative technique has been demonstrated 

on a number of planar and nanoparticulate surfaces, including Au230 and Ti02,
23 1 which is 

ideal for the systems in question. Furthermore, in addition to monitoring SAM formation 

using the traditional QCM method, it may prove beneficial to perform concurrent 

electrochemical QCM (EQCM) measurements. This complementary technique would allow 

any frequency changes upon addition or removal of mass to be directly related to the 

electrochemically stimulated adsorption and desorption of the organic monolayers from the 

gold electrode, thus providing information regarding monolayer stability, adsorption energy, 

formation kinetics, molecular orientation, and morphology. 

Questions arising over the dominant charge transport mechanism occurring in systems S3a

S7 a would benefit from further current-response studies perfonned at a range of temperatures. 

The existing work suggests two possible scenarios, supported by separate current-voltage and 

single molecule conductance studies. One indicates a possible mechanism changeover from 

tunnelling to hopping with increasing molecular length, and the other indicates a dominant 

tunnelling mechanism in all wires independent of length. Temperature-dependant single 

molecule studies revealing a change in current-response across the molecular length scale, 

with little change in wires S3a-S5a and a greater dependence in wires S6a and S7 a, would 

imply a change in charge transport mechanism. However, if all five wires exhibited this 

temperature dependence, it can be surmised that the change in current-voltage characteristics 

between S5a and S6a are in fact due to the increasingly electron accepting nature of the wire, 

rather than a change in charge transport mechanism. Further recommended avenues for 

characterising electron transfer in SAMs include the use of electrochemical impedance 
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spectroscopy, which has proven an effective means of studying electron transfer reactions in a 

series of alkanethiols of varying chain lengths.232 By measuring the impedance of a system 

over a range of frequencies, the effects of increasing thin film thickness can be systematically 

measured, providing information regarding electron transfer, adsorption kinetics, and the 

degree of defects present in the assembled system. 
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ABSTRACT: The stepwise synthesis of molecular wires on 
goldnanoparticles and gold electrodes has been performed 
using amino-terminated and aldehyde-terminated thiols as 
anchoring groups to provide surface-active sites for imino 
coupling. X-ray photoelectron spectroscopy provides evi-
de nce that 4-mercaptoan.iline ( 1) binds via either substituent, ·

12 

Au-S-C6H4-NH2 (N l s, 400.1 eV) or Au-N(H2) - C6H4-SH (N ls, 399.l eV), therefore depleting the number of reactive 
amine sites at the surface. In contrast, 4-[(4-mercaptophenylimino)methyl]benzaldehyde (2) binds exclusively via a thiolate link 
(Au- S- wire- CHO) and, in relation to the former, highlights the significance of the second substituent. Amines compete with 
thiols for self-assembly on gold and may even bond via deprotonated nitrogen. For instance, 4-{ (E)-1,3-dihydro-2H-benzimidazol-
2-thione-5-yl)imino ]methyl} benzaldehyde (3) binds via a nitrogen of the imidazole ring and the self-assembled monolayer ( SAM) 
exhibits a 2.2 eV shift of the N l s binding energy (SAM, 398.3 eV; solid sample, 400.5 eV) compared with a 1.0 eV shift for l. Its in 
situ formed molecular wires with one to five bridged anthraquinone units exhibit symmetrical current-voltage characteristics, but 
the behavior alters to rectifying when the electron-accepting sequence is terminated by a 4-(dimethylamino)-1-naphthalene donor. 
Forward bias corresponds to electron Aow from cathode to acceptor and from donor to anode, but the electrical asymmetry is dependent 
upon the number of bridging units. Molecules with two anthraquinones exhibit an optimw11 rectification ratio of 55 at ± I V. 

■ INTRODUCTION 

There is currently much interest in the stepwise synthesis of 
molecular wires on solid su~ports 1- 6 and its application to 
molecular electronic devices, - i i as it affords subnanometer 
control of the length of the molecule which may be synthesized 
and elongated within the electrode gap. Hence, horizontally 
aligned metallic nanogaps on insulating substrates 7-

9 and verti
cally separated electrode structures, Au-SiO2/Si3N4- Au io, 11 

and Si-SiO2- Si, 12 have been bridged by activating the electro
des wi~ anchoring groups that permit gro~ pe~indicular to each 
(e.g., S1-CH=CH -C6~ -CHO on S1( 111)) and, thereafter, 
by coupling chemical building blocks, for example, H2N-wire
NH21 in one step or alternating with OHC- wire- CHO in multi
step processes. This modular approach contrasts with conventional 
techniques whereby molecular bridging is dependent upon the 
availability of self-assembling wire-like molecules that match the 
width of the preformed electrode gap. Moreover, it combines ease of 
synthesis with the means of modifying the current-voltage (1-V) 
characteristics by sequencing electron donors, bridges, and accep
tors along the molecular backbone.5'

11 

The chemistry of self-assembled monolayers (SAMs) is depen
dent upon the availability of reactive groups at the surface 13 and the 

V ACS Publications 1/) 2011 AmericanChemical5oclety 

subsequent stepwise coupling on solid supports is important for 
the multistep synthesis of complex molecules that may be 
unattainable by conventional means. lt has been applied to 
conjugated materials and recent reports, albeit few in number, 
concern the electrical characterization of wire-like molecules 
synthesized via metal ion coordination of terpyridyl units, 6'8 

alkyne- azide click chemist ry9'
14 and, relevant to this study, use 

of Schiff base chemistry to form imine links between component 
units.1-s, io-ll lmine coupling at the solid- Liquid interface was 
demonstrated by Horten et al. 15 by exposure of an aldehyde
terminated SAM [Au- S- (CH2) 4 - CHO ] to an ethanolic solu
tion of an alkylamine at ambient temperature and has since been 
applied to the synthesis of n-conjugated molecular wires. How
ever, among the frequently used anchoring molecules that 
provide a reactive surface is 4-mercaptoaniline ( 1),1

•
3

'
4
'
14 but as 

shown here, it binds to gold via either of its substituents. For the 
greater part, chemisorption is via the nitrogen which results in a 
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disordered arrangement and depletion of the surface-active 
amine sites for stepwise extension of these embryonic wires. 

1n what follows, we report the in situ synthesis of wire-like 
structures on gold nanoparticles and gold-coated substrates and 
note that it is prudent to use aldehyde-terminated thiols as the 
initial building block. In addition to 1, we report stepwise 
elongation using the following anchoring molecules: 4-[ ( 4-
mercaptophenylimino )methyl)benzaldehyde (2) which adsorbs 
via a gold-thiolate link and 4-{ (E)-l,3-dihydro-2H-benzimida
zol-2-thione-5-yl)imino )methyl} benzaldehyde (3 ), which ad
sorbs via a nitrogen of its imidazole ring. SAMs of 3 exhibit 
symmetrical I-V characteristics when linked in situ to electron 
acceptors but show rectifying behavior when the sequence is 
terminated by an electron donor. The optimum rectification ratio 
of 55 at ±1 Vis significantly hijher than values of ca. 2-6 often 
reported for molecular diodes 1 - w and compares favorably with 
the highest ratio to date of 160 at± 1 V, which was obtained for a 
a-bridged donor- acceptor sequence.5 

HS-o-NH2 \ __ n, __ / HS-0-N~ 
2 

■ EXPERIMENTAL METHODS 

Self-Assembling Precursor 2. 4-Mercaptoaniline (0.75 g, 6 
mmol) and excess terephthalaldehyde (1.6 g, 12 mmol) were 
reacted in ethanol (50 cm3) for 3 h at ambient temperature with 
stirring. The solvent was removed in vacuo and tl1e pale yellow 
product was recrystallized and washed with ethanol: yield, 90%; 
mp 215 °C. UV (C2H5OH): Amax= 356 nm. IR (KBr): v = 1691 
cm - t (C=O), 2550 cm- 1 (S- H).XPS: S 2p312 163.9 eV, S 2p11 

2 165. l eV (SH), N ls 399.0 eV (CH= N). Anal. Found: C, 69.3; 
H, 4.7; N, 5.4. Calcd for C 1,.H11 NOS: C, 69.69; H, 4.60; N, 5.81. 
MS: m/z (%), 241 (100) [M]+. Limited solubility did not permit 
NMR analysis. 

Self-Assembling Precursor 3. 5-Aminobenzimidazole-2-
thione (0.5 g, 3 mmol) and excess terephthalaldehyde (1.2 g, 9 
mmol) were reacted in ethanol (70 cm3) for 3 h at ambient 
temperature with stirring. The solvent was reduced in vacuo to 
50% of its original volwne yielding 4-[5-( (benzimidazole-2-
thione )imino )methyl]benzaldehyde as pale yellow microcrys
tals. The product was washed with ethanol and then recrystal
lized from acetone: yield, 75%; mp 24 1 °C; UV (C2H5OH): Amax 
= 384 nm. IR (KBr): v = 1610 cm- 1 (C=N), 1697 cm-1 

(C=O). XPS: S 2p312 162.3 eV (C=S), S 2p112 163.5 eV (C=S), 
N ls 398.9 eV (CH=N), 400.5 (N-H). Anal. Found: C, 64.0; 
H, 3.8; N, 14.6. Calced for C 15H 11 N3OS: C, 64.04; H, 3.94; N, 
14.95. MS m/z (%): 280 (100) [M - Hr. Limited solubility did 
not permit NMR analysis. 

Capped Nanoparticles. Functionalized gold nanogarticles 
were prepared by adapting the method of Brust et al. Tetra
octylammonium bromide (2.2 g, 4 mmol) in toluene (100 cm3) 
was added to an aqueous solution (100 cm3

) of gold(lll) 
chloride trihydrate (0.32 g, 0.8 mmol, 50 cm3). The mixture 
was stirred to transfer auric chloride to the organic phase, to 
which 4-mercaptoaniline (0.25 g, 2 mmol) and then an aqueous 

k4;11NIW 
solution of sodium borohydride (0.76 g, 20 mmol, 50 cm3) were 
added with stirring. The organic phase was separated after 16 h, 
evaporated in vacuo, and tl1e capped nanoparticles washed with 
water (2 x 30 cm3) and ethanol (2 x 30 cm3). They were treated 
alternately with chloroform solutions of terephthalaldehyde 
(0.40 g, 3 mmol, 50 cm3

) and 2,6-diaminoanthra-9,10-quinone 
(0.72 g, 3 mmol, 50 cm3) for 48 h each at ambient temperature 
and the process repeated to yield molecular wires via Schiff base 
chemistry. Reaction with the dialdehyde yielded a CO stretch at 
1690 cm - I each time whereas subsequent reaction ,vith the 
diamine resulted in its loss, consistent with efficient imine 
coupling at each stage of the reaction process. 

■ RESULTS AND DISCUSSION 

Amino-Thiol Anchoring Molecule (1 ). SAMs formed from 
4-mercaptoaniline (HS-C6H4-NH2) 1

'
3'4'

14 and its derivatives 
(e.g., HS-C6H4-C6H4-NH2)2 have been used as templates 
for the in situ synthesis of molecular wires on gold substrates by 
coupling the surface-based amine with aldehyde-terminated units 
and next amino-terminated units. They are not ideal candidates 
for use as initial building blocks and, from studies reported 
herein, we demonstrate that arnino-thiols assemble on gold via 
either of the two substituents and that binding via the nitrogen 
atom may be as high as 70%. Thus, to avoid an inh erently 
disordered arrangement and a depleted amine surface, it is 
preferable to use aldehyde-terminated thiols as initial building 
blocks for stepwise growth on gold supports_5,s, io, i i 

The spontaneous attachment of amines to metallic 
surfaces22- 25 is manifested by a lowering of the N 1 s binding 
energy relative to ca. 400.0 eV obtained for bulk samples,26 for 
example, to 399.3 eV for alkylamines on gold nanoparticles

22 
and 

398.l eV when electrochemically grafted to gold surfaces.
27 

These shifts correspond to chemically distinctive N ls binding 
modes, but the nature of the bonding is ambiguous. Theoretical 
studies have e~lored anchoring via a nitrogen lone pair, R
N(H2)-Au,28'2 as well as via a deprotonated form, R-N(H)
Au, in which the molecule covalently bonds to tl1e surface with a 
significant shortening of the N - Au bond length.23 T he latter was 
reported as energetically unfavorable, but unequivocal evidence 
of the different bonding types is provided by X-ray crystal 
structures of the cationic and neutral forms of gold(lII) com
plexes of 2-( diphenylthiophosphino )aniline.30 Their respective 
Au-N(H2)-C and Au-N(H)- C motifs display a shortening 
of the dimensions of the deprotonated form (from 2.157 to 2.055 
A for Au-N and 1.448 to 1.358 A for N-C) and broadening of 
the angle from 121.4 to 129.9°. Thus, the different types of 
bonding and potential coexistence should not be overlooked in 
the self-assembly of amines from solution. 

X-ray photoelectron spectroscopy (XPS) studies on SAMs 
formed from amino-thiols confirm that both substituent groups 
compete for bonding with gold and exhibit analogous N ls shifts, 
albeit attenuated by the presence of the unbound amine of 
thiolate bonded molecules. SAMs were formed by immersion of 
plasma cleaned gold-coated highly oriented pyrolytic graphite 
(HOPG) in acetone solutions of 4-mercaptoaniline (1 mg cm - 3) 
for 1 h whereafter physisorbed material was removed by washing 
with copious volumes of solvent. Spectra were recorded using a 
Kratos Axis Ultra spectrometer with an Al Ka. X-ray source (11v = 
1486.6 eV) operated at 15 kV and 150 W. Angle-resolved 
measurements were acquired at takeoff angles of O, 30, and 80° 
relative to the substrate normal and axis of the analyzer lens with 

4201 dx.doi.org/ 10.1021/jp200006j IJ. Phys. Chem. C 2011, 115, 4200-4208 
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Figure 1. N ls core level spectrum at a takeoff angle of 0° of a SAM 
formed from I on gold-coated HOPG. Peaks were located with all 
parameters unconstrained, and their combined spectra are represented 
by the dotted line. 

pass energies of 160 eV at steps of 1 eV for survey scans and 40 eV 
at steps of 0.05 e V for high-resolution scans. Binding energies 
were referenced against the Au 4f7 ; 2 peak at 84.0 e V and the 
spectra analyzed using CasaXPS MFC Application version 
1.0.0.1 software. Peaks were located by using Gaussian-Lor
entzian functions and, except where noted, the binding energies, 
areas under the curves, and full widths at half-maximum (fwlun) 
were unconstrained except for the customary 1.2 eV peak 
separation and 2: I area ratio imposed on the S 2p3; 2 and S 
2p1; 2 components of the sulfur doublet. 

The N ls spectrum of self-assembled 4-mercaptoaniline is 
asymmetric and exhibits a slight, albeit significant, shoulder on 
the high-energy side. Deconvolution indicates contributions 
from different nitrogen environments and, for each of the 
depth-sensitive takeoff angles of O and 30°, reveals peaks 
centered about 399.l eV (Au-N) and 400.1 eV (NH2) with 
area ratios of ca. 70:30 (Figure 1). The latter is characteristic of 
the binding energies of amines, 26 as expected for the parent 
molecule, and the I e V shift is consistent with results from 
previous studies on alkylamines bound to gold.22

-
25 The N ls 

spectra suggest that ca. 70% of molecules bind to the substrate via 
the amine substituent, and this correlates with the S 2p spectra 
which show ca. 30% bind via gold thiolate links (Figure 2). This 
interpretation is supported by angle-resolved XPS studies at 
takeoff angles of O, 30, and 80° relative to the substrate normal 
where the depth from which data are obtained diminishes as the 
photoelectron takeoff angle is increased. Deconvolution of the S 
2p spectra provides evidence that the bound and unbound 
species locate on opposite sides of the film (Table 1). For 
example, data obtained for the two depth-sensitive angles, 0 
and 30°, are almost indistinguishable, but when compared to 
those from grazing angle studies, 80°, the relative peak areas of 
the substrate-bound thiolate (S 2p312, 161.9 eV) decrease with 
increasing takeoff angle whereas those of the free thiol ( S 2p3; 2, 

163.6 eV) and oxidized sulfur (S 2p3; 2, 168 eV) increase. It 
suggests that both groups locate at the upper surface which is 
consistent with these self-assembling molecules being bound via 
the nitrogen. The high concentration of the oxidized form is a 
common occurrence and probably arises as a consequence of 
XPS studies being performed 2 weeks after film preparation and 
from the sulfur being located at the surface where it is vulnerable 
to oxidation. 

In previous reports of XPS studies on SAMs formed from 1, 
Sharma et al.31 alluded to bonding via the amine functionality in 
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Figure 2. S 2p core level spectrum at a takeoff angle of 0° of a SAM 
formed from l on gold-coated HOPG. Doublets resulting from the 
substrate-bound and unbound species were located by applying a 
characteristic S 2p312 to S 2p112 peak area ratio of 2:1 and separation 
of 1.2 e V whereas the broad spectrum of the oxidized sulfur was fitted 
using a single peak with a fwhm of 3 eV. Their combined spectra are 
represented by the dotted line. 

Table 1. Binding Energies (S 2p3; 2 and S 2p1; 2), Full Widths 
at Half-Maxima, and Relative Peak Areas for Different Sulfur 
Environments in SAMs of l and Dependence on Takeoff 
Angle 

environment angle/deg binding encrgy/eV fwhm/eV 96. 

S 2p (Au- S) 0 161.9, 163.1 1.0 33 

30 161.9, 163.1 I.I 31 

80 161.8, 163.0 I.I 21 

S 2p (SH) 0 163.6, 164.8 I.I 51 

30 163.5, 164.7 1.3 51 

80 I 63.6, 164.8 1.6 57 

S 2p (SO,) 0 167.2 3.0" 16 

30 167.2 3.o• 18 

80 168.5 3.0" 22 

" Relative peak areas expressed as a percentage. "The 2p3; 2 and 2p112 

sublevels cannot be differentiated and a single peak was used to fit the 
SO., spectrum. 

capped nanoparticles whereas Rosink et al. 1 attributed the 
unbound thiol to molecules sandwiched between chemisorbed 
molecules without comment on the l e V shift of the N ls peak 
relative to the binding energy normally associated with free 
amine. SAM 1 has been used as the initial buildin; block for in 
situ growth of molecular wires on solid supports, 1' '

4
'
14 but it is 

not an ideal candidate. Its growth axis is tilted ca. 60° from the 
substrate normal, and its films are inherently disordered as a 
result of the alternative types of attachment. Nonetheless, the 
depleted amine surface is reactive and, as part of tllis investiga
tion, wire-like molecules were synthesized on gold nanoparticles 
capped by l by reacting first terephthalaldehyde (OHC-wire
CHO) and then 2,6-diaminoanthra-9,10-quinone (H2N-wire
NH2) from THF solutions to which catalytic traces of glacial 
acetic acid were added. Stepwise coupling via imine links is 
indicated by infrared spectra of the capped nanoparticles which 
show emergence and subsequent loss of a CO stretch at 1690 
cm - i following reaction with aldehyde and amino-terminated 
units, respectively (Figure 3). 

Aldehyde- Thiol Anchoring Molecule (2). To avoid inher
ently disordered arrangements, as above, the aldehyde-terminated 

4202 dx.doi.org/10.1021/jp200006j ~.Phys. Chem. C 2011, 115, 4200-4208 
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Figure 3. Structure of the molecular wire and normalized transmittance 
(arbitrary units) vs wavenumber at each stage of its stepwise growth. The 
spectra are offset and, in decreasing order, correspond to gold nano
particles capped by 1 (step 1) and coupled in turn with terephthalalde
hyde (steps 2 and 4) and 2,6-diaminoanthra-9,10-quinone (steps 3 and 
S ). FTIR spectra were recorded for nanoparticles dispersed in K.Br. 

thiol that corresponds to the molecule formed from the first stage of 
in situ coupling, 4-[ ( 4-mercaptophenylimino )methyl]benzaldehyde, 
was synthesized ex situ and adsorbed from acetone ( l mg cm - 3

) on 
gold-coated HOPG and Au(lll) on mica. Plasma cleaned sub
strates were immersed for l h and then washed with copious 
volumes of solvent to remove physisorbed material. Chemisorption 
is confinned by XPS, which yields a symmetrical nitrogen peak at 
399.0 eV (N ls, CH=N) and a characteristic sulfur doublet at 162.l 
and 163.3 eV (S 2p, Au- S). It is also demonstrated by scanning 
tunneling microscopy which shows the thiolate-linked molecule to 
be tilted toward the substrate, probably by ca. 60° for an Au-S-C 
angle of 120°, and packed in rows with a mean intermolecular 
spacing of 0.56 nm and an area of0.59 nm 2 molecule - 1 

( Supporting 
Worrnation). The reactive aldehyde surface of the film acts as a 
template for in situ growth and wires, analogous to those shown in 
Figure 3, were synthesized by coupling first 2,6-diaminoanthra-9,10-
quinone and then terephthalaldehyde and, thereafter, by repeating 
these steps. Substrates were immersed in THF solutions of each and 
washed with pure solvent, and reaction was monitored at each stage 
from the frequency change for growth on the electrodes of 10 MHz 
crystals. 

The electrical properties were investigated by scanning tun
neling spectroscopy using contacting gold probes. Data were 
obtained at different locations across each of the films and 
averaged each time from multiple scans on the same spot. The 
1-V profile was found to be almost independent of the experi
mental range of set point conditions (600 pA at 80-300 mV), 
which affect the magnitude of the current by altering the distance 
between the probe and surface but appear to have minimal effect 
on the shape of the curve. The anthraquinone-terminated wire 
( see Figure 3) exhibits slight electrical asymmetry as a conse
quence of the electron-accepting tail on one side and weakly 
electron-donating thiolate link on the other and the bias for 
higher current corresponds to electron flow from the cathode to 
acceptor and donor to anode (Figure 4). However, when the 
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Figure 4. J-V characteristics of the molecular wire shown in Figure 3 
where n = 2. It was synthesized by self-assembly of 2 on gold-coated 
HOPG (step 1) and coupling sequentially with 2,6-diaminoanthra-9,10-
quinone (steps 2 and 4) and terephthalaldehyde (step 3). The slight 
electrical asymmetry is reproducible and the higher current at positive 
bias corresponds to electron flow from the gold STM probe to gold 
substrate. 

electron-accepting sequence is terminated by a donor, for 
example, by coupling with 4-( dimethylamino )-1-naphthalde
hyde, electrical asymmetry is maintained but at opposite bias. 

Benzimidazol-2-thione Anchoring Molecule (3) . The an
choring molecule was adsorbed on gold by immersing plasma 
cleaned substrates for ca. 1 h in an acetone solution of 4-{ (E)-l ,3-
dihydro-2H-benzimidazol-2-thione-5-yl) imino] methyl} benzalde
hyde (0.1 mg cm - 3

) and then rinsing with copious volumes of 
solvent to remove physisorbed material. Cbemisorption was 
confirmed by XPS but, unlike most other sulfur-containing 
molecules, its S 2p spectra cannot be used to verify bindin§ to 
gold as the precursor occurs not as a thiol but as a thione.32

'
3 Its 

powdered samples exhibit peaks at 162.3 eV (S 2p3; 2) and 163.5 
eV (S 2p ~2), consistent with the binding energies of sulfur in 
thiourea,3 and the data are indistinguishable from those of gold 
thiolate links. For the chemisorbed film, we refer instead to the N 
ls spectrum which provides an indication of the potential 
binding. Deconvolution using a two-peak fitting routine revealed 
binding energies of398.3 and 399.8 eV with a peak area ratio of 
2:1 and fwhm of 1.4 and 1.9 eV, respectively. We attribute the 
former to an Au-N link (cf. 398.1 eV for 11-butylamine electro
chemically grafted to gold)27 and note that the latter, which 
corresponds to two nitrogens, falls midway between the NH and 
C=N peaks of the powdered forms of 3. Deconvolution using a 
three-peak fitting routine was achieved by applying equal areas, 
consistent with the three different nitrogen environments within 
the molecule, as well as equal peak widths to each (Figure 5). It 
gave binding energies of398.3 eV (Au-N), 399.3 eV (CH=N), 
and 400.2 eV (NH) and the N ls core level spectra conform to 
the anchored structures shown in Figure 6. 

Assembly via a thiolate link with rotation about the S- C single 
bond would bring the benzimidazole nitrogen within bonding 
distance of the substrate and, based on the low-energy N ls peak 
at 398.3 eV, it is assumed that 3 binds to the substrate via either 
an Au- N link alone or with an Au-Slink as shown in Figure 6. It 
has been reported that benzimidazole-2-thione and benzthiazole-
2-thione adopt bidentate geometries when chemisorbed on 
gold35

•
36 and the X-ray crystal structure of a cationic Au(I) 

complex of the former shows bonding identical to the arrange
ment in Figure 6 with Au- N and Au- S bond lengths of 2.050 
and 2.316 A, respectively.37 Moreover, in this work, covalent 
bonding via a nitrogen link is also evident from XPS studies of an 
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Figure 5. N ls core level spectrum of 3 anchored on gold-coated 
HOPG. Peak location was achieved by applying equal areas and widths 
to each, but significantly, the binding energy (398.3 eV) and fwhm (1.4 
eV) of the low-energy peak are consistent with those obtained using an 
unconstrained two-peak fitting routine. 

Figure 6. Potential structures of neutral and cationic forms of the 
chemisorbed molecule consistent with the N ls (NH, C=N andAu-N 
link) and S 2p ( C=S or Au-S) core level spectra, but the latter also 
shows 30- 50% SO", which suggests that the gold thiolate link is broken 
in many instances. 

embryonic molecular wire, formed in situ by reaction with 2,6-
diaminoanthra-9, l 0-quinone and whose N ls spectra exhibit a 
well-defined low-energy shoulder (Figure 7). Deconvolution 
using a three-peak fitting routine with the areas constrained by 
the ratio of the three different nitrogen environments within the 
molecule yields peaks at 397.7 eV (Au- N), 398.8 eV (CH=N 
x 2) and 400.0 eV (NH and NH2). The low-energy Au- N peak 
is shifted by 0.6 e V relative to the binding energy of the initially 
formed SAM, which may be attributed to electron transfer 
between the imidazole ring and electron-accepting anthraqui
none tail as the shift is reversed when the film is reacted 
subsequently with electron-donating 4-( dimethylamino )-1-
naphthaldehyde. The N ls data for SAM 3 including its 
stepwise-formed wires (cf. 399.1 eV for SAM 1) may be 
compared with the limiting value of397.0 eV for gold nitride,38 

and we draw a parallel with the relation between binding energy 
and bonding distance which has been demonstrtaed for metal 
amido, irnido, and nitrido complexes.39 The low-energy shift 
provides evidence of covalent bonding via an irnidazole nitrogen, 
but we are less confident of binding via a thiolate link. Ambiguity 
arises from the almost identical S 2p binding energies of the SAM ( S 
2p3; 2 162.1 eV) and thione group of the solid sample of3 (S 2p3; 2 

162.3 e V, C=S) as well as from XPS studies performed 3 weeks after 
initial assembly which exhibit unusually high concentrations of 
oxidized sulfur (Figure 7). Typical values are 30-50% of the total, 
which indicates that many molecules are not bound via Au-S 
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Figure 7. Molecular structure of an embryonic molecular wire (top) 
formed in situ from the reaction of S.!\M 3 and 2,6-cliaminoanthra-9, 10-
quinone and its N ls (middle) and S 2p (bottom) core level spectra. N ls 
peaks were located by applying a I :2:2 area ratio to the three different 
nitrogen environments and the S 2p doublets by applying a characteristic 
S 2p312 to S 2p 1; 2 peak area ratio of2:l and separation of 1.2 eV. 

links and it is feasible that the oxidized group acts as a counterion 
for cationic forms of the molecule. 

Following the self-assembly of 3 on gold-coated HOPG to 
provide a reactive aldehyde surface, stepwise elongation of this 
embryonic molecular wire was performed by sequential immer
sion of the coated substrate in solutions of 2,6-diaminoanthra-
9,10-quinone (0.1 mg cm - 3

, THF) and terephthalaldehyde (0.1 
mg cm - 3

, ethanol) to which catalytic traces of acetic acid were 
added. Electron-accepting wires with one to five anthraquinone 
units were synthesized. and the sequence terminated by immer
sion in a solution of 4-(dimethylarnino)-1-naphthaldehyde (0.1 
mg cm - 3, THF) to provide acceptor- donor structures. Reac
tion times were optimized from studies ofin situ synthesis on the 
gold electrodes of 10 MHz quartz crystals, and prior to measure
ment, substrates were washed with copious volumes of solvent to 
remove physisorbed material and air-dried. Stoichiometric cou
pling is indicated by the frequency change which varies linearly 
with the molecular weight of the stepwise formed wire. lt is 
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Figure 8. Molecular strnctures of wire-like oligomers (left) and variation of the frequency change with molecular weight at each stage of the formation of 
an acceptor- donor wire with five bridged anthraquinone units when synthesized on the gold electrodes of a IO MHz quartz crystal (right). Following 
self-assembly of 3 (step I), elongation was performed by immersing the coated substrates in solutions of the following molecular building blocks: 2,6-
diaminoanthra-9,IO-quinone (steps 2, 4, 6, 8, 10), terephthalaldehyde (steps 3, S, 7, 9), and 4-dimethylamil'IO-l •naphthaldehyde (step 11). Immersion 
was prolonged until there was no further change in frequency following rinsing with copious volumes of solvent and drying in air. 

illustrated in Figure 8 which displays the frequency data for each 
of the 11 reaction steps of a l 0.5 nm long wire with five bridged 
anthraquinone units and teminated by 4-(dimethylamino)
naphthalene. The frequency is affected by the mass of the coating 
as well as solvent trapped in the film, and we note that the linear 
dependence, as shown, is not evident from all studies on 
stepwise-formed wires. 

Electrical properties at different stages of the growth of 
stepwise-formed molecular wires shown in Figure 8 were in
vestigated by scanning tunneling spectroscopy using contacting 
gold probes and a set point current and voltage of 600 pA at 80 
m V. They were obtained at different locations across each of the 
films with the data averaged for multiple scans on the same spot. 
I - V characteristics of each of the electron-accepting wires with 
one to five bridged anthraquinones appear symmetrical but 
exhibit imperceptibly higher currents at negative substrate bias 
(Figure 9). This contrasts with the more pronounced electrical 
asymmetry from analogous wire-like sequences formed from 
SAM 2 where the higher current, which occurs at positive 
substrate bias, arises from a weakly electron-donating anchoring 
group (Figure 4 ). However, this time, the bridged benzimida
zole/ anthraquinone combination is well-matched and, when 
coupled to an extended anthraquinone tail and terminated by a 
4-(dimethylamino)naphthalene donor, the in situ formed wires 
exhibit rectifying behavior as expected for Au/acceptor- donor/ 
Au sequences. Th e direction of electron flow at forward bias is 
from the gold substrate (cathode) to electron-accepting end of 
the wire and from the electron-donating end to gold probe 
(anode) and the electrical asymmetry arises from a mismatch 
between the Fermi energies of the electrodes and adjacent 
molecular energy levels at opposite bias. Rectification ratios of 
ca. 55 at ± l V were obtained for molecules with two anthraqui
nones (Figure 10), which is hi§h_compared with many of those 
reported for molecular diodes. 0 43 Ratios of 2-6 at ±1 Vare 
customary, 16

-
20 and we note that the observed value compares 

favorably with the highest to date: 160 at ± l V for a a-bridged 
donor- acceptor wire5 and 50- 150 at ± 1 V for a donor-(.n:
bridge )-acceptor molecule in which a sterically hindered non planar 
arrangement plays a pivotal role in improving rectification by main
taining the integrity of the electron-donating and electron-accepting 

1.2 

0 500 1000 
V/mV 

-0.6 

-1 .2 

Figure 9. Molecular strncture of a stepwise-formed oligomer and 
normalized I - V plots of films at different stages of format.ion: 11 = 1 
(red), 11 = 2 (blue), and 11 = 3 (green). The sign corresponds to the 
substrate electrode, and the current is normalized to that of the first 
oligomer at - J V. The almost identical I - V profiles are unexpected. 

ends.44 Higher values still have been obtained for organic bilayer 
arrangements, 45 but they may be classified as rectifying junctions 
rather than molecular diodes. 

Molecular rectification requires an aligned acceptor-donor 
sequence: the anchoring group and anthraquinone combination 
are electron-accepting and the integrity of the electron-donating 
side is retained by sterically induced out-of-plane rotations of the 
bulky double-ring ( dimethylamino )naphthalene moiety. Steric 
hindrance has been used to enhance the rectification from 
cationic donor-(.n:-bridge) - acceptor dyes,44 and its efficacy is 
implied by the electrical asymmetry shown in Figure 10. How
ever, the behavior is dependent upon the number of bridged 
anthraquinones: the first member of the series (11 = 1) exhibits a 
rectification ratio of ca. 3 at± l V, which is anomalous, and ratios 
for the longer analogues, ca. 55 at± l V (11 = 2 ), ca. 7 at± l V (n = 
3), and ca. 2 at ± 1 V (4 ~ 11 ~ 5), diminish with increasing 
molecular length. These differences cannot be explained simply 
from the energy mismatch at reverse bias but are attributed 
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Figure 10. Molecular structure of a donor- acceptor wire and I- V 
characteristics of the oligomer with two bridged anthraquinones (11 = 2). 
Analogues where n = l , 3, 4, and 5 exhibit diminished rectification ratios, 
but the direction of electron Aow at forward bias is consistent in each 
case. The sign corresponds to the substrate electrode. 

instead to the electron-accepting anthraquinone sequence and 
its effect o n the end group interfacing with the substrate 
electrode and, in part, to an electric field dependence to 
compensate for length. There have been reports of a crossover 
from tunneling to hopping as the lengths of oligo(p-phenylene 
ethynylene)46 and oligophenylene-imine3

'
4 exceed 2.8 and 4.0 

nm, resp ectively, with their currents displaying an exponential 
dependence, I oc e - {3I where (3 is a decay constant, below the 
threshold and a reciprocal length dependence, I oc I- 1

, in the 
hopping regime. Our rectifyi~~ wires range from 3.4 to 10.5 nm 
and thus, assuming an I oc I dependence, it may be appro
p riate for the rectification ratio to be evaluated against field 
rather than voltage. Consistent with this, the ratio decreases 
from 55 at ±1 V for the second shortest (I = 5.2 nm) to 7 at ± 1 
V for the third (I = 7.0 nm), but the 8-fold discrepancy is 
reduced by a factor of 4 when compared at ± 143 MV m - • 
(Figure 11 ), which is equivalent to a voltage drop of 1 V across 
the length of the longer wire. J-E profiles for analogues where 
2 S n S 5 are alike at forward bias (negative quadrant) but 
exhibit slight disparity at reverse bias (positive quadrant) 
resulting in rectification ratios of 2 to 3 at ±96 MV m - •, which 
corresponds to the experimental limit of electric field for the 
longest wire. Although evaluatio n against field reduces the 
discrepancy, this does not apply to the first member of 
the series (red curve, Figure 11) where the data suggest that 
the anchoring group coupled to a single anthraquinone is a 
weak acceptor and reduces rectification from the acceptor
donor arrangement. 

Summary of N 1 s Shifts. The influence of a gold surface on 
the XPS spectra of 3 is manifested by a lowering of the N l s 
binding energy to 398.3 eV (cf. 400.5 eV for NH in the parent 
compound) and corresponds to the molecule being covalently 
bonded to the surface. Likewise, the N 1 s binding energy of l is 
shifted to 399.l eV (bound, 70%) with a less intense peak at 400.0 
eV (unbound, 30%), and we draw a parallel with the angle-resolved 
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Figure 11. Normalized current vs electric field of rectifying acceptor
donor oligomers whose molecular structure is shown in Figure 10 and 
has one (red, 11 = 1), two (blue, n = 2), and three (green, n = 3) bridged 
anthraquinones. The current is normalized to that of the second 
oligomer at E = - SO MV m - 1 where the lengths used to calculate 
electric field correspond to the distances between the anchored nitrogen 
and the hydrogens of the dirnethylamino group including the van der 
Waals radii of each. Data for analogues where 4 :S n :S 5 overlap the blue 
curve but, for clarity, are excluded from the plot. 
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Figure 12. N ls binding energies vs normalized metal- nitrogen 
distances where LMN is the bond length from X-ray crystal structures 
of the metal complexes, RM and RA., are the covalent radii of the metal 
atom and gold, respectively, and the dotted line corresponds to the sum 
of the bonding radii of Au (1.34 A) and N (0.75 A). Nitrogen 
environments: Cr=N (396.6 eV);39 W=N-C (397.3 eV);39 Ta=N 
-C (396.8- 397.2 eV);39 Ta-N (397.9- 398.2 eV);39 Cu(phenh 
(399.4- 399.5 eV)/7 Ag- N (400.0 eV);4s- so Pd- N (399.S eV);5' 
Pd-NH3 (400.1 - 400.2 eV)/ 1

'
52 Pt- NH3 (400.3 eV).53

'
54 From the 

data in this figure, the binding energy of398.3 eV for SAM 3, which shifts 
to 397.7 eV when the molecules are coupled in situ with an electron
accepting tail, approximates to an Au- N bond length of2.0 A. 

S 2p spectra which confirm a preponderance of unbound thiol and 
oxidized sulfur at the upper surface. Binding energies of399.1 eV 
for l and 398.3 e V for 3 are each assigned to adsorption, the 
former via the nitrogen lone pair of the amine functionality and 
the latter via an Au-N link. The disparity in binding interaction 
probably arises from altered bonding distances and, consistent 
with this, Wu et al.39 have reported a linear dependence between 
the N l s binding energies of metal nitride (Cr=N), imido 
(Ta=N, W=N), and arnido (Ta- N ) complexes and the me
tal - nitrogen bond lengths normalized for the covalent bonding 
radii of each. This relation is demonstrated in Figure 12 which 
includes data from ref 39 as well as N l s binding energies of 
Pd, Pt, Cu, and Ag coordination complexes for which X-ray 
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crystallographic data are available.47
-

54 We find that the reported 
linear dependence is limited to metal-nitrogen bond lengths 
shorter than the sum of the covalent radii whereas, for weaker 
interaction, the N ls binding energies ( e.g., Pt(NH3),i.X21 400.3 
eV)54 resemble those of uncoordinated ligands.26 As a ballpark 
approximation, the Au-N bonding distances within the SAMs 
may be estimated from the N ls spectra by comparison with the 
data in Figure 12. For example, the peak at 398.3 eV for SAM 3 
corresponds to a bonding distance of ca. 2.0 A, which is 
consistent with the lower end of the bond length range from 
X-ray crystallographic studies of gold complexes (1.94 A ~ 
LAu- N ~ 2.25 A).30

'
37

'
55

-
62 ln contrast, the peak at 399.1 eV 

for SAM l , which is customary for amines on gold,22
-

24 

corresponds to a longer bonding distance of ca. 2.1 A and is in 
reasonable agreement with 2.157 A obtained for the Au-NH2 

motif in the X-ray crystal structure of the Au(Ill) complex of 
2-( diphenyl-thiophosphino )aniline.30 

■ CONCLUSIONS 

The XPS data confirm the assembly of aminothiols via either 
of the two subsituents and samples reported herein indicate ca. 
30% via a thiolate link and 70% via an amine link for l and, for 
example, a 60:40 ratio in SAMs formed from the meta-substi• 
tuted isomer, 3-mercaptoaniline (see Supporting lnformation).63 

Despite the depleted amine surface and inherent disorder, the 
SAMs3

'
4

'
14 may be used as a template for in situ synthesis of 

molecular wires but, as the number of surface-active sites is 
variable, this may be problematic when comparing subtle differ• 
ences in their solid state properties. It is preferable to use an 
aldehyde-terminated thiol ( 2) as the initial building block and, in 
particular, the meta-substituted5

'
10

•
11 rather than para-substi· 

tuted isomer to achieve wire-like growth perpendicular to the 
substrate. Oligomers have been formed in situ on gold-coated 
substrates functionalized by 4-[ ( 4-mercaptophenylimino)methyl]• 
benzaldehyde ( 2) and 4·{ (E)· 1,3-dihydro-2H-benzimidazol•2· 
thione-5-yl)imino ]methyl} benzaldehyde (3 ). Those formed 
from the latter act as molecular diodes and exhibit an optimum 
rectification ratio of 55 at ± 1 V when linked to an anthraqui• 
none tail terminated by a (dimethylamino)naphthalene donor. 
Rectification arises from an energy mismatch between the 
Fermi levels and molecular levels at reverse bias, and the current 
ratio compares favorably with the highest to date of 160 at± 1 V 
for a donor-acceptor sequence separated by a a -electron 
bridge.5 
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spectra, alternative peak fitting of the XPS data, and I - V chara· 
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Synthesis of Covalently Linked Molecular Bridges between Silicon 
Electrodes in CMOS-Based Arrays of Vertical Si/SiO/Si Nanogaps** 
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The fabrication of nanometer-sized e lectrode gaps and the 
avai lability of self-assembling molecules of corresponding 
lengthll-41 a re significant challenges in the miniaturization of 
molecular e lectronic devices. To overcome the intricacy of 
matching these dimensions, molecula r connection is faci li
tated by stepwise syn thesis of the bridging unit within the gap 
itself. It affords sub-nanometer control of molecular length by 
self-assembly of e lectrode coatings that are surface reactive 
and next by linking smaller chemical subunits_l5-8I There are 
five examples of conjugated bridges formed in this way: four 
bridge metall ic e lectrodes,19-121 whereas the fifth and most 
recent concerns a fluorene oligomer that connects silicon 
e lectrodes.1'31 In addition to bridging e lectrode gaps, scalabil
ity is fundamental to molecular electronic devices find ing 
pract ical applications and is addressed by applying comple
mentary metal-oxide semiconductor (CMOS) processing 
methods to nanogap device a rchitectures_ll3-ISI Here in , we 
focus upon silicon e lectrodes; studies, a lbeit few to date, have 
resulted in contacting by Cw deposits within the gap1161 as well 
as bridging by covalently linked nanoparticles1151 and a 5.8 nm 
long fluorene o ligomer.1'31 The latter example was the fi rst to 
be grafted on both sides to silicon ; herein, we present the 
device characteristics of a second example but with a shorter 
2.8 nm span. The e lectrode gap was bridged by grafting 
4-ethynylbenzaldehyde, Si- CH=CH- C6HcCHO, to activate 
the surfaces a nd, thereafter, by coupling 2,6-diaminoanthra-
9,10-quino ne to connect the e lectrode coatings on opposite 
sides of the gap by imine links (Figure l ). Following the initial 
grafting stage, the silicon nanogaps exhibit leakage currents of 
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Figure 1. Reaction at the silicon surface: a) Molecular structures of the 
chemisorbed species and a 2.8 nm long molecular bridge formed by 
grafting the diethylacetal derivative of 4-ethynylbenzaldehyde and 
reacting the grafted molecules with 2,6-diaminoanthra-9,10-quinone at 
ambient temperature ; b) an asymmetric nonbridging molecule coupled 
by an imine link to one side of the anthraquinone unit when the 
nanogap is too wide to accommodate the molecular bridge. The 
connection relies on surface roughness to match the length of the 
molecule to the width of the nanogap and limits the number of 
suitable bridging sites. 

less than 2 pA at 1 V, but the current increases to 11- 14 nA at 
1 V upon molecular bridging. l11e process may be reversed by 
soaking in acidified solution, which detaches the linker unit 
and causes the current to diminish. 

CMOS-based arrays of Si/SiO2/Si sandwich structures 
with a surface density of about 700 devicescm-2 were 
fabricated as described in a previous report.1" 1 l11e e lectrodes 
are arsenic-doped Si(l 11) and polysilicon, and the nanosized 
gap, which is shown as a V-shaped opening in Figure 2, is 
formed by selectively e tching the edge of the interfacing oxide 
layer. Its thickness governs the minimum width of the 
e lectrode gap, and a lthough influenced by surface roughness, 
approaches 2.8 nm, which is the dimension o f the bridging 
molecule. The length of the undercut is 10-90 µm. The 
undercut length was varied by altering the size and shape of 
the exposed region of the top si licon electrode as wel l as the 
number of undercut edges. The nanogap was created by wet 
etching with NH4F solution, which hydrogenates the surface 
and provides electrodes that a re moderately resilient to 
oxidation. X-ray photoelectron spectra (XPS) of samples 
exposed to a ir for 50 h exhibit Si 2p peaks at 99.0 eV (Si- Si) 
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Figure 2. Scanning electron microscopy image of an Si/SiO2/ Si cross
section in which the top and bottom electrodes, arsenic-doped Si(lll) 
and polysilicon, respectively, are separated by an ultrathin SiO2 layer. 
The oxide layer is etched along its outer edge to provide a nanosized 
electrode gap, which is illustrated within the circle by the apex of the 
V-shaped undercut. Although not shown by this image, the electrodes 
are contacted by 2 µm diameter aluminum plugs, which connect to 
1 SO µm x 1 SO µm aluminum pads for contact with a probe station. For 
details, see the Supporting Information. 

and 99.6 eV (Si- H) with only a minor peak ansmg from 
oxygen-bonded si licon. Nonetheless, the etched devices were 
protected immediate ly by chemical grafting in an inert argon 
a tmosphere to suppress residual oxidation. The electrode 
surfaces we re treated with the diethylacetal derivative of 
4-ethynylbenzaldehyde in hexadecane (0.1 mgcm- 1

) for 2 hat 
190°C and rinsed with copious volumes o f chloroform to 
remove physisorbed materia l. Chemisorption was verified by 
the Si 2p core-level spectrum, which has a peak at 101.9 eV 
that conforms to the Si- C link, and by the Fourie r-transform 
infrared attenuated total reflection (FTIR-ATR) spectrum 
which, for example, exhibits a characteristic CO stretching 
mode at 1703 cm- 1 that corresponds to the aldehyde group. 
Analytical studies were performed on surface-treated silicon 
wafers, but there is no reason to assume that the e tched device 
should not react accordingly. 

Si- CH= CH-C6HcCHO coatings on opposite sides of the 
gap permit molecular bridging of amino-terminated wires by 
imine links, Si- CH=CH- C6HcCH=N- wire- N=CH- C6Hc 
CH=CH- Si, but the dimensions must be complementary. To 
achieve this, a rrays of the coated devices were immersed for 
periods of 5 min to 2 h in THF solutions of 2,6-diaminoan
thra-9,10-quinone (0.03 mgcm- 1

) to which catalytic traces of 
e ither formic acid or acetic acid were added, then rinsed and 
air-dried . Direct chemical analysis of the bridged nanogap is 
not possible, and a proof of concept was provided instead by 
performing the reaction on conventional substrates, for 
example, large-area Si , Au, Pt, a nd TiO2 surfaces as well as 
Au, Pt, and TiO2 nanoparticles. Stepwise synthesis · was 
achieved by chemisorbing molecules with surface-based 
aldehyde groups and next by reacting amino-terminated 
units and vice versa. l11is modular approach permits sequenc
ing of units in a predefined manner and combines ease of 
synthesis with sub-nanometer control of molecular length. 
XPS and FTIR studies confirm that imine coupling on solid 
supports is independe nt of the underlying inorganic substrate. 
It is verified by a lowering of the N ls binding energy to 398.9-
399.3 eV compared with 399.9-400.3 eV for NH2 and the loss 
and e mergence of the CO stretching frequency of the surface 
aldehyde at successive reaction steps. Analytical data are 
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included in the Supporting Information, and the binding 
energy shift is consistent with data reported in the National 
Institute of Standards and Technology XPS database.1171 

Current-voltage (1-V) characteristics of the molecule
inserted Si/SiOzfSi structures were obtained by using a 
Keithley Instruments model 6430 sub-femtoamp source 
meter and a Wentworth manual probe station to contact 
individual devices. Data were collected following the initial 
grafting step, and once again following attempts to bridge the 
silicon electrodes by coupling 2,6-diaminoanthra-9,10-qui
none linker units. The former yielded leakage currents of less 
than 2 pA at 1 V, as expected for an open nanogap. It is 
independent of the size and shape of the exposed region of the 
silicon e lectrode in different devices, which is expected, as the 
area of overlap of the top and bottom electrodes is similar 
when the exposed and unexposed regions a re taken into 
account. In this study, 98 nanogap devices were studied, of 
which eight shorted, and most of the remainder showed no 
change in their e lectrical behavior following immersion in 
solutions of the amino-terminated linker. One device exhib
ited a current of O.J nA at 1 V, which was attributed to a 
nonbridging arrangement, as the current is significantly lower 
than theoretically derived values for covalently bridged 
si licon devices. In contrast, reproducible 1- V characteristics 
and currents of 11- 14 nA at 1 V were obta ined on seven 
occasions following immersion. These data are assigned to 
bridged structures, but we note that the range is narrow 
compared with currents of 10- 10,000 nA a t IV obtained for 
5.8 nm wide molecule-inserted silicon nanogaps.1131 In both 
cases, we re lied upon disparity be tween the width of the 
nanogap and length of the connecting molecule to minimize 
the number of compatible bridging sites whilst using inherent 
surface roughness to match the dimensions. Based on this, we 
suggest that the restricted current range and low yield of 
wo rking devices a rise from limitatio ns imposed by this 
method and greater incompatibility when attempting to 
bridge the electrode gap with a shorter 2.8 nm long molecular 
wire. 

We focus on a device whose 1- V characteristics were 
unchanged when the immersion period in a solution of 
2,6-diaminoanthra-9, 10-quinone was increased from 5 min 
and 2 h. It exhibited a current of 12 nA at 1 V (Figure 3), 
showed indistinguishable behavior when studied in air and 
dry nitrogen, and its 1-V characteristics were stable when 
cycled be tween ± 1 V. To confirm molecular bridging, control 
studies were performed to decouple the unit, and thereafter, 
by bridging the gap to restore the current. The imine link is 
broken by acidified solution, as demonstrated by XPS studies, 
which show a I eV shift of the N ls binding energy from ca. 
399.0 eV (C=N) to 400.0 eV (NH2) . The anthraquinone linker 
in this case became detached when the silicon nanogap was 
soaked for 16 h in acetic acid solution (10-3M). l11e trea ted 
device following rinsing with chloroform and drying in a ir 
exhibited a diminished current and, although not apparent 
from data shown in Figure 3, the horizontal line exhibits slight 
asymmetry with currents of 0.08 nA at - 1 V and 0.03 nA at 
+ 1 V. l11ese values a re higher than the leakage current 
following grafting with 4-ethynylbenzaldehyde (copared with 
less than 2 pA at 1 V) , and the sl ight asymmetry is assigned to 
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Figure 3. Symmetrical 1- V characteristics of a bridged Si/SiO, /Si nano
gap device (black) and altered behavior following immersion in an 
acidified solution to disconnect the anthraquinone linker unit (red) . 
The s ign is assigned to the bottom Si(l 11) electrode of the device and , 
although not discernible from the scale of the plot, the currents at 1 V 
differ by a factor of 150 in the negative quadrant and a factor of 400 in 
the positive quadrant (see the Supporting Information) . 

incomple te exclusion of the e lectron-accepting linker. The 
current is higher when the bottom Si(ll 1) electrode is 
negatively charged (cathode), and based on the behavior of 
molecular diodes1I81 and organic rectifying junctions,I191 it may 
be assumed that an e lectron-accepting anthraquinone moiety 
is located on this side of the device (as shown for example in 
Figure 1 b). However, regardless of explanation, the control 
study shows profound changes in electrical behavior fo r 
conditions that reverse the bridging process. It supports our 
premise that the current of 12 nA at 1 V is not an exper
imental a rtifac t but inherent to the bridged Si-molecule-Si 
nanogap (Figure 1 a). Besides, we reject the prospect of the 
behavior arising from trapped molecular deposits because 
rinsing repeatedly with copious volumes of solvent has no 
effect on the magnitude of the current or l- V characteristics. 

We now turn to a molecule-inserted nanogap whose 
current is at the lower limit of those measured. The current of 
0.1 nA a t 1 V is seven times smalle r than the theore tically 
derived value for a single molecular bridge, and unlike the 
smooth curve shown in Figure 3, the l- V characteristics 
exhibit deformations as the voltage is swept between ± 1 V 
(Figure 4). The magnitude makes it necessary to consider a 
nonbridging structure with e ither an inte rdigitating arrange
ment of molecules or a suitably narrow gap between the 
electrode coatings. The anomalous behavior probably results 
from single points of attachment. If the molecules anchor at 
one end, irregularities in the 1-V profile may be explained by 
rotation of the subunits about their exocyclic single bonds and 
subtle changes in inte rmolecular contacting distances across 
the nanogap. Bridging is reliant on an exact match be tween 
the width of the gap and length of the stepwise-formed 
molecular bridge. Therefore, a ttempts were made to connect 
the e lectrodes of this device by longer molecules, for example, 
by coupling amino-termfoated units, H2N-wire- NH2, fol
lowed by te rephthalaldehyde, OHC- C6H4- CHO, and there
afte r by repeating these steps. However, the process had no 
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Figure 4. 1-V curve of an Si/SiO,/Si nanogap device, the current of 
which is at the lower limit of those observed when the 4-ethynylbenz
aldehyde grafted electrodes are treated with 2,6-diaminoanthra-9,10-
quinone. Anomalous distortions in the electrical characteristics are 
attributed to a nonbridging arrangement, with alte red contacting 
distances induced by rotation about the exocyclic single bonds of the 
molecule as t he voltage is swept. 

discernable e ffect on the current or shape of the 1- V curves of 
both the bridged (Figure 3) and unbridged devices (Figure 4). 
It may be assumed that the width of the e lectrode gap, which 
is dependent upon the thickness of the preformed oxide 
spacer layer, is reasonably similar throughout the a rray of 
silicon nanogaps, and serendipity plays a role in matching its 
dimensions to those o f the molecule. 

Ab initio transport code SMEAGOU201 and density func
tional (DFT) code SIESTAl21I were used to predict the 
e lectrical transport properties of the silicon-contacted mole
cule. The re laxed geometry of the isolated molecule and 
optimum binding geometry to the silicon surface were 
calculated using DFT. It was extended to include 6 layers of 
Si(111), each containing 25 atoms, which were attached to 
infinite periodic leads. Periodic boundary conditions were 
imposed in the x and y di rections (the transport axis is a long 
z), and a sil icon lead structure was chosen to mimic the doped 
behavior, that is, with a finite density of states at the Fermi 
energy. The zero bias electron transmission coefficient, T(E), 
was calculated using SMEAGOL (Figure 5), and the 1- V 
relation (Figure 6) was obtained from T(E) using Equa
tion (1): 

~v12 

2e j I = h T (E)dE 
,v 

Profiles of the l- V curves from theory and experiment are 
alike, but their currents, 0.7 nA a t 1 V (Figure 6) and 12 nA a t 
1 V (Figure 3), differ by a factor of seventeen. This may be 
explained in part by a few molecular bridges rather than a 
single molecule bridging the gap. For so few molecules, as 
indicated by the modest diffe rence, the likelihood of cluste r
ing is remote when these silicon nanogaps may be bridged 
along 10-90 µm lengths. We also note that discrepa ncies 
probably arise from problems associa ted with the use of DFT 
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Figure 5. Theoretical transport properties : zero bias transmission 
coefficient of the 2.8 nm long molecular wire contacted by silicon 
leads as a function of E- E,, where E, is the Fermi energy and Eis the 
energy of the transmitted electrons. 
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Figure G. Theoretical 1-V characteristics: the gentle reverse-S profile of 
the 1- V curve of the silicon-contacted 2.8 nm long molecular wire 
mimics the experimental curve shown in Figure 3. 

to estimate the HOMO-LUMO gap and the position of the 
Fermi energy as well as to difficulties in simulating the Si
molecule-Si device characteristics when the e lectrodes are 
highly doped and asymmetric in their morphology. The top 
and bottom electrodes are arsenic-doped polycrystalline 
silicon and Si(l 11), respectively. Difficulties a rise from a 
theoretical viewpoint as there are unknown parameters a t an 
a tomic scale that probably contribute to the discrepancy 
between the estimated and experimentally determined cur
rents. D etails of the theore tical method is included in the 
Supporting Information. 

In summary, there is one previous report of the e lectrical 
characterization of a molecule grafted at each end to silicon 
electrodes.113

1 In this work, we describe a second, a lbeit much 
shorter example, in which the bridging of silicon nanogaps is 
achieved by a 2.8 nm-long molecular wire. Reproducible 
currents and l-V characteristics following multiple rinsing 
cycles in chloroform confirms that the behavior does not arise 
from molecular deposits. In the same way, suppression of the 
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current following immersion in acidified solution is sympto
matic of the molecular bridging unit becoming detached as 
imine links break under these conditions. It suggests that the 
current of about 12 nA at 1 V (compared with less than 2 pA 
at 1 V following the initial grafting step) is inherent to the Si
molecule-Si bridge. In this case, the stepwise syn thesis of 
molecular wires within the silicon nanogap itself with covalent 
bonding to the electrodes on opposite sides is fundamental to 
matchii:ig the respective dimensions. The process has been 
applied herein to CMOS-based arrays, and the scalability of 
the technique, that is, the mass production of silicon nanogaps 
combined with an in situ modular approach for bridging the 
e lectrodes, points the way to molecule-inserted test-bed 
structures fo r silicon-based electronics. There is reasonable 
agreement between the experimental and theoretical l-V 
characteristics for the bridged device, and our studies have 
shown it to be robust when cycled between ± 1 V. 
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