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CHAPTER 1 

INTRODUCTION 

1.1 General 

At present the microelectronic industry has accomplished several different 

technological advancements, such as speed of data processing and performance. These 

advancements are made possible due to new fabricating techniques and novel materials. 

Among these achievements the advancement of silicon-based integrated circuits hold an 

impressive position.
1,2

 A target of the microelectronic industry today is to make faster, 

cheaper, and smaller electronic devices which can perform more efficiently toward new 

tasks. Moore’s law states that the chip density of an integrated circuit doubles every eighteen 

to twenty four months.
3
 Therefore, the miniaturization process of electrical components will 

soon become a major obstacle. Major limitations to the decreasing size of computer chips are 

the leakage of current and the high costs that are inevitable to improve the technology.
4
 To 

overcome the difficulties of the miniaturization process,
5,6,7

 new approaches should aim to 

maximize chip density. In an effort to make efficient microelectronic devices, a large number 

of approaches have been attempted.
2
 The seminar presented by the Nobel Prize winner, Prof. 

Richard P. Feynman, “There's Plenty of Room at the Bottom,” was the foundation for the 

revolutionary idea of using molecules for information storage. In his talk, he mentioned that 

technical applications can be governed in small scale. This idea was different from the 

regular miniaturization of electronic devices, but comprised the idea of building electronics, 

such as information storage at an atomic or molecular level.
8
 Furthermore, he mentioned that 

the size of computers can be decreased tremendously by considering the phenomenon of 

possible atomic storage. Even though the use of molecule-based devices is an advanced 
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alternative, enough effort has not yet been put into this field.
9
 The impression of molecular 

electronics involves the ability of a molecule, a collection of molecules, metallic or 

semiconductor materials, or carbon nanotubes to execute tasks related to electrical 

components. When employing the above mentioned materials in electronic devices, there are 

a few requirements that need to be fulfilled.
2
 The foremost requirements are as follows:       

(i) these molecules should tolerate high temperatures (~ 400 °C) which are used in 

fabrication methods, (ii) they should be chemically inert with own species to avoid side 

reactions, (iii) they should show reversible electron transfer processes, (iv) there should be a 

way to connect different components with each other,
2
 and (v) they should be able to 

organized into stable well-ordered molecular films to avoid the leakage of current.
10

 These 

electrical components will include molecular switches, static elements for data storage, 

molecular wires, transistors and logic gates, capacitors, and molecular diodes. As an initial 

attempt, in 1974, Aviram and Ratner
11

 proposed the use of single molecules with electron 

acceptor and donor properties as molecular rectifiers. This new concept involves the design 

of molecules or collection of molecules which can function as electrical components.
12

 

Organic molecules can be beneficial in accomplishing the different electrical components 

due to abundant numbers of synthetic opportunities in fine-tuning the geometric and 

electronic properties to obtain the desired structures.
13

 Hence, inorganic and organic chemists 

play a major role in improving the technology, materials, and concepts needed to execute 

these experiments. Nevertheless, synthetic molecules alone will not be able to generate high-

tech electronic devices such as computers, however synthetic molecules accompanied with 

silicon mediated components would be a reliable source. One of the most common methods 

that have been used to determine the electrical properties of such synthetic molecular 
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components is the metal|molecule|metal configuration.
14

 This chapter will briefly discuss the 

use of new materials and their derivatives in designing different components such as 

molecules for information storage, displays, molecular wires, transistors, and molecular 

rectifiers or diodes that have been developed in the literature. Further, it will discuss different 

current rectification mechanisms which are shown by molecular rectifiers. Lastly, this 

chapter will present the research statement and objectives of the dissertation project.  

 

1.2 Molecules for Information Storage    

With the pioneering work established over a decade ago by the groups of Lindsey and 

Bocian, metalloporphyrins are known to be stable at elevated temperatures and over a large 

number of operating cycles.
15

 These are two important conditions required in building robust 

memory elements with high charge densities that can endure current manufacturing 

conditions.
16

 Metalloporphyrins (Figure 1.1a) can form very stable π-cationic species at 

ambient conditions, these cationic species can be probed at low potential values and can store 

charge for long periods of time without marked decomposition. The consecutive reduction 

and oxidation processes of these porphyrin units therefore, can be used to read and write bits 

of information using ‘0’ and ‘1’ as shown in Figure 1.1b.   

 



www.manaraa.com

4 
 

 

Figure 1.1. (a) A simple memory element with a zinc porphyrin unit and (b) read and write 

processes in porphyrin (P) systems. 

  

The simplest zinc coordinated porphyrin unit can show up to two redox processes and 

initially it forms the mono-π-cationic species followed by the di-π-cationic species. During 

the formation of mono-π-cationic species, a bit of information can be recorded and when the 

π-cationic species is reducing back to its neutral species the bit of information can be 

released. When using porphyrin-based systems for multibit information storage a minimum 

of three π-cationic states are required to record all the combinations of ‘0’ and ‘1’. Therefore, 

different approaches have been used to increase redox properties of porphyrin systems. The 

number of redox states of a system can be increased by introducing a collection of redox 

active molecules into the system or by integrating several redox states into a distinct 

system.
17

 This prerequisite has been achieved easily by incorporating several porphyrin units 

to result in a dyad. Some of the dyads which can show up to three
18

 or four cationic states
19

 

are shown in Figure 1.2.  

(a) (b)
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Figure 1.2. Porphyrin dyad structures.  

 

Among these dyads, lanthanide coordinated triple-decker porphyrin structures are 

well-known.
20,21

 These structures can show four cationic states and the lanthanide ions have 

been used to stack the porphyrin units. The number of cationic states and their potentials can 

be modulated depending on substituents on the porphyrin unit and the metal ion. Porphyrin 

units can also be substituted by phthalocyanine units to modify the ligand structure. Eight 

different cationic states have been obtained by combining two of these triple-decker 

structures and they tend to occupy large footprints (the area occupied by one molecule) on 

substrates.
22,23 

This feature is not favorable for memory elements, because a large number of 
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molecules should reside in a minimum space to acquire high charge density.
24

 Therefore in 

memory elements, molecules which can occupy small footprints will be more beneficial.  

To attach the porphyrin units onto solid surfaces, a tether has been coupled to the 

main molecular structure. The tether is composed of two units, namely a surface attachment 

group and a linker. These tether groups support to bind the molecules onto solid surfaces. 

Therefore, self-assembly methods have been employed for the fabrication of molecules and 

different attachment groups have been used depending on the substrates. Phosphonate groups 

have been used for SiO2 and WO2 surfaces,
25

 whereas alcohols,
26

 thiols,
27

 seleniols,
28

 and all-

carbon
29

 attachment groups have been used for Si surfaces. The surface attachment groups 

also help in positioning the molecule and to make a good electrical contact between the 

surface and the molecule.
30,31,32

 The most common surface tether groups are shown in Figure 

1.3.  

 



www.manaraa.com

7 
 

Figure 1.3. Alternative tether groups. 

 

 The porphyrin units in molecular devices have demonstrated remarkable features, and 

according to the experiments they have shown that the π-cationic based redox processes can 

be cycled up to 1 × 10
10

 without any decomposition for 27 days.
1
 The experiments have been 

carried out with intentional interruptions to study the stability of the electrical cycling and 

have demonstrated very robust data.
33

 According to this data it was shown that the porphyrin-

based structures can be used as dynamic random access memory (DRAM) elements in the 

engineering process of desktop and laptop computers.  



www.manaraa.com

8 
 

 Few other metal complexes have been studied as molecular memory elements, 

namely ruthenium(II)-terpyridine,
10,34

 cobalt(III)-azo,
35

 and rhodim(III)-azo
36

 incorporated  

systems (Figure 1.4). The devices of these complexes with metal|molecule|metal 

configurations have shown symmetric current responses (Figure 1.4d) in both negative and 

positive applied bias potentials which are indicative for typical molecular memory elements. 

Also, these metal complexes are able to operate in two different redox states with high 

ON/OFF ratios.  During these experiments, the read-write cycles have been investigated by 

applying voltage pulses. These molecular devices further indicate that they are potentially 

applicable as random-access memory (RAM) and read-only memory (ROM) elements.
36

           

 

Figure 1.4. Molecular structures of (a) Ru(II), (b) Co(III), and (c) Rh(III) complexes, and  

(d) a representative current-voltage (I-V) response observed for molecular memory elements.  
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1.3 Molecules for Display Technology 

The original concept of molecule-based electronic field was to use pure organic 

molecules in devices. Nevertheless, during the last decade there was an increase in interest of 

using metal complexes due to their promising electronic properties, such as redox and 

photoluminescence.
37

 Also in many of these applications, symmetric and asymmetric metal 

complexes have been used due to their different electronic, magnetic, and optical 

properties.
38

 For instance, in such applications, mesogens, commonly known as liquid 

crystals, are of special interest since they can be used in different electronic displays. Liquid 

crystalline materials can be categorized in to two types, namely, thermotropic and lyotropic. 

In both of these types the material of interest is between an organized solid and a less 

organized liquid phase, known as a mesophase.
39

 In thermotropic-type of mesogens, the 

liquid crystalline property can be achieved in accordance with different temperatures. In the 

lyotropic-type, liquid crystalline properties can be attained with different solution 

concentrations and solvents. However, in thermotropic- and lyotropic-type the 3D 

arrangement of molecules are not observed, but they form supramolecular structures with 

particular patterning in orientation of molecules. Introduction of metal ions can be important, 

because they can cause different geometries, oxidation states, and spin states. These structure 

properties are also helpful in reflecting different properties of metallomesogens such as 

conduction,
40

 reflection,
41

 luminescence,
42

 and display technology.
43

 In general, molecular 

structures, which can arrange into aggregates, such as rod-like cyanobiphenyls and disc-like 

long chain triphenylene molecules, are known to be used as liquid crystal materials. Some 

common examples of mesogens are shown in Figure 1.5. Surfactants, mostly with linear 

structures have also been used as mesogens. Initial studies of metallomesogens were 
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performed with square planar structures [eg. copper(II), nickel(II), palladium(II), and 

platinum(II) complexes] and linear structures [eg. silver(II) and mercury(II) complexes], 

since they can be organized into disc-like or rod-like structures.
44

 Afterwards, new systems 

with different metal ions and geometries were studied. Among these, mononuclear octahedral 

iron, molybdenum, tungsten, and chromium complexes of 1,4,7-triazacyclononane 

tricarbonyl or trichloro ligands,
45

 and lanthanide complexes
46,47

 were important bench marks. 

Multimetallic copper complexes
48,49,50

 and iron cluster dendrimers
51

 have also been probed as 

metallomesogens to obtain different redox and magnetic properties. 

 

Figure 1.5. General examples of mesogens. 
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1.4 Molecular Wires 

Molecular wires, being one of the most important candidates in molecule-based 

electronic field, assists the connection of other necessary electrical components together to 

assure better electrical conductivity between them. The current-voltage (I-V) characteristics 

of this class of electrical components show symmetrical sigmoidal shape curves to indicate 

the bidirectional electrical passage between two entities.
52

 Different types of highly 

conjugated aromatic and aliphatic oligomer structures have gained attention in this area.
53

 

Two types of oligomer structures have been reported, namely, conductors and proconductors. 

Conductor oligomers can conduct electrical current when they are in the neutral state, while 

proconductors need external stimuli to conduct current. Therefore, proconductors show 

conduction properties in presence of dopants or when they become oxidized or reduced. For 

instance, polythiophenium can act as a conductor while polythiophene poorly conducts 

current.
54

 In reality, for different applications conductors are of greater importance when 

compared to proconductors. Organic molecules with different structures have been probed 

vastly as molecular wires. Among these organic molecular wires, cross linked porphyrin 

units
55,56

 are predominant. In porphyrins, the conduction properties can be altered by 

substituents, linkers, and the degree of conjugation (Figure 1.6). Another class of oligomers 

is the phenylene ethylene structures, and some have shown promising results as molecular 

wires.
57

 To measure the electrical properties of assemblies, the scanning tunneling 

microscopy method (STM) has been used for the I-V characterization and self-assembly 

methods have been used to deposit oligomer units. After the formation of the monolayer, 

atomic force microscopy (AFM) studies have shown aggregate formation on the surface of 

the gold electrode. Consequently the authors have observed large defected areas in these 
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films.
58

 Therefore, the assessment of conductivity properties of these metal|molecule 

junctions has been a challenge due to the lack of surface coverage. Surface passivation due to 

excess organic material deposition on the surface of the gold electrode was found to be 

another challenge that was faced in these studies.
59

       

 

Figure 1.6. Substituted and non-substituted porphyrin oligomers. 

  

Recently, metal-containing molecular wires have gained attention owing to the work 

of the Gladysz group.
60

 Unsaturated carbon chains with rhenium metal centers have shown 

positive electrical conductivity data only for short carbon units of n = 2-10, but have shown 

irreversible redox processes when the two metal centers are further apart. These irreversible 

redox processes indicate a poor electrical communication between the two metal centers.
60

 

Metal wires, which are in use at present, contain an insulating material around the metal to 

protect unnecessary short circuits. Therefore, to incorporate this new technology to molecular 

wires, unsaturated carbon chains with platinum metal terminals which are surrounded with 

saturated carbon helices have been studied (Figure 1.7).
61,62,63

 Electrical conductivity 

properties of these precursors after device fabrication is yet to be studied. 
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Figure 1.7. Double-helical platinum complex. 

 

In all the above cases, the ultimate goal is to obtain precursors with fast electron 

transfer rates between two designated entities. So far the obtained precursors show electron 

transfer due to tunneling effect. Therefore, electron transfer rate decreases with increasing 

distance between the two designated places. However, further investigations are necessary to 

improve the current designs and to obtain faster electron transfer rates. 

 

1.5 Transistors and Molecular Switches 

Transistors are current amplifiers with three terminals namely, gate, source, and 

drain. In transistors, the voltage applied to drain-source terminals are different to the voltage 

measured through gate-source terminals. A representative view of drain current vs. drain-to-

source voltage obtained for a semiconductor transistor
64

 is shown in Figure 1.8. Once, the 

transistor starts to work, the threshold voltage becomes smaller than the gate-to-source 

voltage. The transistor can be used as a resistor, when the drain current and drain-to-source 

voltage follow the Ohms law. This linear active region is known as the triode region. The 

transistor can be used as a switch, when the transistor starts work between saturated and cut 

off regions.
64 
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Figure 1.8. A representative plot of a drain current vs. drain-to-source voltage obtained for a 

transistor (VDS = drain-to-source voltage; VGS = gate-to-source voltage; and VT = threshold 

voltage).   

Molecules which are suitable for transistor-like activity should show a switching 

mechanism; at times they should suppress the current conduction through the molecule and 

after exceeding the barrier (threshold voltage), they should facilitate the current response 

with higher amplitude.
2
 Building of such devices with three electrode arrangements is a 

challenge in molecule-based electronics due to reasons such as the connection of electrodes 

to molecules with small dimensions, connecting the electrodes with a good separation, and 

the stability of molecules after cycling for few oxidations and reductions.
65

 In the literature, 

molecular transistors have been developed with carbon nanotubes, single molecules, and 

quantum dots.
2,66

 A field effect transistor was built by Tans et al.
67

 by installation of a carbon 

VDS ≤ VGS-VT VDS ≥ VGS-VT

VGS ≤ VT
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nanotube between two platinum electrodes as shown in Figure 1.9. The current-voltage 

measurements at different gate voltages were performed at 300 K and the semiconducting 

behavior of the carbon nanotube was supported by the non-linear I-V characteristic observed 

at zero applied gate voltage. This device exhibited low conductivity measurements at zero 

bias voltage with positive applied gate voltages and high conductivity at negative gate 

voltages. Therefore, this device has unveiled a switching mechanism which can be seen in 

regular transistors.  

 

Figure 1.9. Device layout of the carbon nanotube field effect transistor.  

 Park et al. assembled an archetype of a single molecule transistor
68

 by self-

assembling a cobalt(II)-terpyridine [Co(II)-terpy] complex between source (platinum) and 

drain (gold) electrodes (Figure 1.10). During the experiment, they observed a step-wisely 

increasing I-V plot after the threshold voltage, which denote the Coulomb blockade. Also the 

measured resistance of the junction varies between 100 MΩ and 1 GΩ. In this device a single 

molecule connects the two electrodes, and due to its small dimensions, the molecule can 

block the electron transport passage through the junction. The study has exposed that the 

Co(II)/Co(III) conversion is necessary for the molecule to act as a transistor. At a certain 

applied potential only one electron can pass through the junction. Since the length of the 

alkyl chain which is fused to the terpy unit could also govern the coupling between the 

SiO2

Si back-gate

Pt Pt
Source Drain

Carbon

nanotube
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molecule and the electrode, it could affect the performance of the electron transfer between 

them. For the molecule to function as a single molecule transistor, it needs to have an alkyl 

chain attached to the terpy-molecule. In the absence of the alkyl chain, the junction shows 

rapid increase of tunneling currents, known to be the Kondo effect. The Kondo tunneling 

effect has been demonstrated with a complex directly attached to electrodes via terpy units, 

showing a high conductance.  

 

Figure 1.10. Schematic representation of a single molecule transistor. 

  A similar single molecule transistor was demonstrated using an organic molecule.
69

 In 

that device, a phenylenevinylene oligomer was used to build the transistor, and revealed that 

the electron-transfer properties are governed by sequential oxidation and reduction redox 

processes.
69

 Quantum dots also have been used to build transistors, since quantum dots can 

act as unit charges and can show redox activity.
70

  

By varying the molecular structure and confirmation the electronic properties can be 

modulated.
2
 Therefore, Joachim

 
et al.

71
 used the above mentioned strategy to develop a 

single molecular transistor using a C60 molecule. During this study a C60 molecule was 

sandwiched between a STM tip and a substrate, then an external force has been placed on the 
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C60 molecule using the STM tip to result in a distortion on the molecular structure. The 

distorted C60 molecule exhibited a higher current response, which was twice the original 

current response due to alteration of the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) energy levels. Theoretical studies have also 

supported the idea of energy level deviation that took place during the distortion of the 

molecule.
72

 To support the same phenomenon, regarding the structure confirmation and 

electrical properties, a study has been carried out with copper-containing metalloporphyrin 

units (Figure 1.11).
73

 The electrical responses have been measured using the scanning 

tunneling microscopy (STM) method with the copper metalloporphyrin unit being deposited 

onto a copper substrate at 15 K. During the deposition of the molecule, the orientation of one 

phenyl group can deviate slightly to give two conformations of the metalloporphyrin unit and 

those can be identified by STM. These two different conformations also presented dissimilar 

electrical conductivity properties to denote the switching ability of the molecule. During the 

current-voltage characterization, they have observed a difference of current response             

~ 100 nA between ‘ON’ and ‘OFF’ states of the molecule. These investigations have proven 

that the modulation of chemical and physical properties of molecules can alter the electrical 

conductivity properties, which lead to the observed switching phenomenon.    
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Figure 1.11. Copper coordinated metalloporphyrin. 

 

1.6 Molecular Rectifiers 

Rectifiers are another important class of electrical components which governs the 

direction of the flow of electrical current and they are used to transform the alternating 

current into direct current. These devices are categorized to be two terminal electrical 

components. At present the rectifiers, known as diodes, are established with semiconductor 

materials. In regular semiconductor p-n junctions, the n-component is constructed by doping 

group IV crystalline materials with low amounts of group V elements. Similarly the p-

component is constructed by doping group IV crystalline materials with low amounts of 

group III elements. Therefore, the n-component is rich in electron density and p-component 

is electron deficient, and in this regular p-n junction, the n-component act as the “Donor” and 

p-component act as the “Acceptor”.  

Rectifiers demonstrate unidirectional flow of electrical current (Figure 1.12a), and 

therefore, the molecular devices which display an asymmetrical flow of electrical current can 

be considered to be molecular rectifiers. Molecular rectification was originally proposed by 
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Aviram and Ratner
 
as a gedanken experiment anticipating the feasibility of directional flow 

of electrical current in a molecule.
74

 This proposed organic molecule consisted of a donor 

group (D) attached via an σ bridge to an acceptor group (A) and hence had the structure     

[D-σ-A] as shown in Figure 1.12b. Theoretical calculations carried out on this Aviram and 

Ratner model showed asymmetrical current responses suggesting that the above mentioned 

[D-σ-A] molecule is a probable current rectifier. Nevertheless, experimental studies on this 

molecule were not performed.    

 

Figure 1.12. (a) A representative asymmetric current-voltage plot and (b) [D-σ-A] molecule 

proposed by Aviram and Ratner.  

 

 In these [D-A] type molecules, overall electron donor and acceptor properties can be 

modified by introducing electron donating and electron withdrawing substituents into the 

structure. However, the donor and acceptor moieties of molecules are opposite to that of 

semiconductor p-n junctions. In a [D-A] molecule, the donor moiety should have a small first 

ionization potential for it to be a good donor and the acceptor moiety should have a large 

(a) (b)
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electron affinity to be a good acceptor. When considering the molecular orbitals of a [D-A] 

type molecule, the HOMO energy level corresponds to the ionization potential and the 

LUMO energy level corresponds to the electron affinity of that molecule.
75

 These energies 

must also be comparable to the Fermi level of the metal electrodes to have conduction 

between them. In addition, to achieve efficient electron transfer (conduction through the 

molecule), charge recombination must be avoided. Thus donor and acceptor moieties should 

be well-separated via σ or π bridge, so that there will be a good charge separation between 

them. Another parameter that is necessary for the construction of molecular rectifiers is the 

mobilization of molecules on the surface of an electrode. Therefore, defect-free and closely 

packed thin films are essential to build effective molecular devices. Few methods have been 

used in the literature, and among these, the Langmuir-Blodgett and the self-assembly 

methods are widespread.
76

 Initially, Polymeropoulos et al.
77

 and Sugi et al.
78

 constructed 

molecular rectifiers using the LB method, but in these cases the devices were based on LB 

multilayers and hence showed higher thicknesses of molecular layers between the electrodes. 

The use of multilayers is disadvantageous in electronic devices, due to the formation of 

Schottky barriers at the metal|molecule junctions. Similarly, deposition of multilayers will 

exceed the desired thickness. Therefore, devices with molecular dimensions of 1-3 nm 

(commonly a monolayer), are better candidates where semiconductor materials fail to 

function. Later on Sambles et al. carried out experiments using C16H33Q--3CNQ
79,80

 

molecule to study the molecular rectification using LB monolayers and revealed favorable 

results. A main advantage of using the LB method is that, by changing substituents on the 

ligand structure, the film formation ability of molecules at the air/water interface can be 

modulated. Thin films obtained by the LB method are also known to produce well-ordered 
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monolayers with high surface coverage,
75

 but when designing precursors for the LB method, 

alkyl groups are introduced to the molecular structure. This is disadvantageous in device 

fabrication process, since alkyl groups hinder the conduction property of the film. In LB 

monolayers, the molecules attach to the two metal electrodes via physisorption and have 

weak van der Waals interactions, thus the orientation of the molecule can change over time. 

In self-assembled monolayers, physisorption can be experienced in one metal|molecule 

junction and on the other, there will be covalent bonding between the molecule and the 

electrode. This helps to create unnecessary dipole moments at the two metal|molecule 

junctions, which lead to the formation of Schottky barriers. Even though SAM forms rigid 

monolayers, the surface coverage is poor when compared to LB monolayers. However, after 

the monolayer deposition using either the LB or the SAM method, the monolayer is 

sandwiched between two metal electrodes to generate the metal|molecule|metal junction that 

enables to measure the electrical properties. 

 There are three mechanisms responsible for molecular current rectification, namely 

Schottky, gives rise to S-rectifiers, asymmetric, gives rise to A-rectifiers, and unimolecular, 

gives rise to U-rectifiers. The most common mechanism is the Schottky mechanism, which is 

based on devices having electrodes with dissimilar work functions (eg. gold and aluminum or 

titanium and palladium) or due to covalent bonding between the molecule and the electrode 

which leads to interfacial dipole layers.
81,82,83,84

 The work function of a material can be 

defined as, the energy that is necessary to remove an electron from the electrode and 

transport it to the infinity under vacuum conditions. Asymmetric and unimolecular 

mechanisms are influenced by the frontier molecular orbitals of the molecules. Therefore, A- 

and U-rectifiers are dependent on the molecular properties which are associated to HOMO 
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and LUMO energies. The metal|molecule|metal devices with M1 and M2 electrodes (M1 = M2 

= gold), after applying a bias voltage to one of the electrodes, will tend to lower the energy of 

the metal Fermi levels of that electrode to resonate with the frontier molecular orbitals of the 

molecule.  

 In the asymmetric mechanism, the frontier molecular orbitals distribute unevenly 

among the metal Fermi levels and the HOMO or LUMO energy level become closer in 

energy to the metal Fermi levels.
85

 In this case, the LUMO molecular orbital of the acceptor 

moiety, accepts an electron from the Fermi level of M1 and donates to the Fermi level of M2 

as shown in Figure 1.13a. In this example, the LUMO level is comparable in energy to that 

of the metal Fermi levels and HOMO is much lower in energy. Therefore, the HOMO energy 

level is not involved in the rectifying mechanism. Molecules with asymmetric structural 

properties extensively contribute to asymmetric current rectification.  
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Figure 1.13. Different current rectifying mechanisms; (a) asymmetric mechanism and        

(b) unimolecular mechanism. 

 

The unimolecular mechanism involves [D-A] type systems with low HOMO-LUMO 

energy gaps which permit current to tunnel through the molecule. In these, the LUMO of the 
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acceptor moiety accepts an electron from the electrode M2 and the HOMO of the donor 

donates an electron to the electrode M1 as illustrated in Figure 1.13b. Since there are small 

energy gaps between HOMO and LUMO, the electron in the LUMO of the acceptor moiety 

can be transferred to the HOMO of the donor moiety to facilitate the upcoming electron 

transfer. As mentioned earlier, for the above electron transfer to occur, the HOMO and 

LUMO of donor and acceptor moieties must have comparable energies with metal Fermi 

levels at applied bias potentials.
86

 However, molecules which show pure unimolecular 

rectification mechanism are extremely rare.  

The rectification ratio (RR), which is the ratio between the magnitudes of current at 

positive and negative bias voltage V, aids when evaluating the current rectification behavior 

of a particular system. The RR value should be at least ≥ 2 to consider the system as a 

rectifier, the higher the RR value the better the rectification behavior.
86

 

RR(V) = |I(V)| / |I(-V)| 

       The asymmetric and unimolecular mechanisms are difficult to distinguish, since 

they both involve frontier molecular orbitals of molecules. However, the redox active 

molecules with low local global symmetry and good film formation properties are 

advantageous in molecular current rectification. Up-to-date various [D-A] type organic 

molecules with current rectification have been studied in detail by the Metzger and Ashwell 

groups.
79,82,86

 They have demonstrated a new organic assembly, with the structure of          

[D-π-A], (Figure 1.14) to establish the unimolecular current rectification.
87

 This molecule is 

different from the Aviram and Ratner model, due to the presence of a π bridge between the D 

and A moieties. This molecule has shown the LB film formation properties due to the 
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presence of an alkyl chain attached to the quinolinium group. Strong current rectification 

behavior has been observed for the monolayers and multilayers of this molecule, when 

sandwiched between aluminum electrodes. Results have shown that the electron transfer 

takes place from tricyanoquinodimethanide to (n-hexadecyl)quinolinium moiety. However, 

the devices made out of monolayers have shown a higher rectification ratio when compared 

to multilayer devices. In multilayer structures a limited electron transfer can be observed 

owing to excess organic material.  

 

Figure 1.14. [D-π-A] type molecular rectifier introduced by Metzger group. 

 The proposed mechanism for current rectification suggested that, initially an 

intervalence charge transfer is taking place to produce the neutral molecule from the 

zwitterionic form, and then electrons transfer from the electrodes to create the original form 

of the molecule, which is the [D
+
-π-A

-
] zwitterion.

87
 This proposed mechanism is opposite to 

the mechanism observed in the Aviram-Ratner model. In there, first the electrodes transfer 

the electrons to the acceptor moiety to generate the zwitterionic form from the neutral 

molecule, and then the intervalence charge transfer takes place to create the neutral state of 

the molecule. Nonetheless, in all these cases the acceptor moiety accepts electrons from the 
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first electrode and the donor moiety donates electrons to the second electrode, creating 

electrons to flow from the acceptor moiety to donor moiety.
2
 Some of the [D-A] systems 

which show unimolecular current rectification are shown in Figure 1.15.
75

  

 

Figure 1.15. Unimolecular rectifiers introduced by Metzger group. 

Besides these studies, few other groups have investigated current rectification using 

macroscopic systems (thick layers of indigo or phenazine and chloranil) and LB multilayer 

structures (arachidic acid, bis(octadecyl)viologen, and cyanine dye; and palladium 

phthalocyanine and N,N’-bis(di(ethoxy)methyl)perylene-3,4,9,10-tetracarboxyl 

diimide).
88,89,90,91

 The use of coordination metal complexes for current rectification is not 

well-investigated. Lee et al. has reported a molecular current rectifier using a hexacoordinate 
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[
Ar

S-bipyRu
II
(

F3
acac)2] complex.

92
 This ruthenium(II) complex (Figure 1.16) has exhibited 

an efficient electron transfer when compared to the free ligand due to conjugation obtained 

upon metallation. They have observed asymmetric current responses for the ruthenium(II) 

complex with rectification ratio being close to 4, but the free ligand has shown symmetric 

current responses. The DFT calculations carried out on the ruthenium(II) complex have 

revealed a permanent dipole moment of 11.3 D. Lee et al.  suggest that the observed current 

rectification behavior is related to the observed asymmetric nature of the metal complex.  

 

Figure 1.16. The ruthenium(II) complex [
Ar

S-bipyRu
II
(

F3
acac)2]. 

  

 The discussed data of this section reveals that, mostly organic systems have been 

investigated as molecular current rectifiers. To the best of my knowledge, the understanding 

of coordination metal complexes as current rectifiers is less renowned. Therefore, the 

investigation of metal complexes with asymmetric structures as current rectifiers is expected 

to uncover a new direction for coordination chemistry. 
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1.7 Research Statement and Objectives 

One of the main research interests in the Verani lab focuses on designing and 

synthesizing new bioinspired phenolate-containing asymmetric ligands that are redox-active, 

and their metal complexes to be used towards molecule-based electronics. During the design 

of these molecules, hydrophobic and hydrophilic substituents have been introduced to the 

system, to deposit them onto solid surfaces using the Langmuir-Blodgett method. Then, these 

surface immobilized LB films are intended to be used in metal|molecule|metal devices.  

In the dissertation research, my main focus was to develop bioinspired redox non-

innocent phenolate-containing asymmetric systems with [N2O3] and [N2O2] coordination 

environments with different trivalent metal ions such as gallium(III), iron(III), and 

manganese(III) for device fabrication, and to test them as molecular rectifiers. The 

asymmetric structures were a topic of special interest during the design of molecules as 

current rectifiers, because in such systems, the molecular orbitals distribute asymmetrically 

between the electrodes. These factors help in creating an asymmetrical flow of electrical 

current. Therefore, my dissertation research focuses on (i) the design and synthesis of new 

[N2O3]- and [N2O2]-containing surfactant ligands with different substituents attached to the 

ligand backbone, and the metallosurfactants formed by them; (ii) the investigation of 

geometric, electronic, redox, and film formation properties of metallosurfactants; (iii) the 

characterization of Langmuir-Blodgett films including composition, molecular integrity, and 

surface properties, and (iv) device fabrication based on monolayers of these 

metallosurfactants and the study of their current-voltage behavior. The specific goals of my 

research include the following: 
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 Goal #1. To investigate the electronic, redox, electron donor/acceptor, and film formation 

properties of [N2O3]-containing gallium(III) and iron(III) metallosurfactants. Results are 

described in chapter 3. 

This research goal focused on the development of new redox-active pentacoordinate 

gallium(III) and iron(III) metallosurfactants with [N2O3] donor sets that are useful in 

understanding film formation ability at the air/water and air/solid interfaces. The iron(III) and 

gallium(III) ions were selected for this study to compare the electronic and redox properties 

of the metallosurfactants. This study also provided additional information regarding the 

electron-donor and -acceptor moieties of relevant asymmetric molecules with phenolate 

entities. This investigation helped to understand film formation and redox behavior of 

pentacoordinate metal complexes as well as the viability of using such systems in molecular 

rectifiers.  

 

 Goal #2. To assess the properties of nitro-substituted iron(III) complexes with [N2O3] and 

[N2O2] environments. Results are described in chapter 4. 

This investigation expanded the synthesis and characterization of new 

pentacoordinate iron(III) complexes with different substituents and coordination 

environments such as [N2O3] and [N2O2] binding sites intended to modulate the redox 

behavior, as well as, the molecular HOMO-LUMO energies relevant for current rectification. 

The substituents on the ligand backbone can also influence the surface properties which is 

important in device fabrication. Further investigations of this study focused on the 

asymmetrical geometry and, the presence of nitro and tert-butyl substituents on iron(III) 

complexes for stabilizing the radical generation. These iron(III) complexes were also 
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modeled using theoretical calculations to understand the electronic and redox properties, and 

to identify the possible donor and acceptor moieties to be tested them for current 

rectification.  

 

 Goal #3. To study the rectification behavior in nanoscale devices based of an asymmetric 

five-coordinate iron(III)/phenolate complex. Results are described in chapter 5. 

The investigation of rectification behavior in nanoscale devices based on asymmetric 

metal complexes is limited in literature. Chapter 5 discusses the use of an iron(III) 

metallosurfactant for molecule-based device fabrication. A new asymmetric ligand with 

[N2O3] donor set and its low symmetry pentacoordinate iron(III) complex were synthesized 

and structurally characterized to address the electronic, redox, and film formation properties. 

This investigation also included the analysis of surface properties of the LB monolayers and 

multilayers. Finally, the current-voltage characteristics of the nanoscale devices were tested 

to identify the current rectification behavior.  

 

 Goal #4. To evaluate the behavior of saloph-type iron(III) complexes with [N2O2] donor sets 

in rectifying devices. Results are described in chapter 6. 

This study was focused on the design of two new symmetrical tetradentate ligands 

and their respective trivalent redox-active iron(III) complexes for current rectification. 

Further studies were performed to investigate whether the asymmetric nature of the metal 

complex favors the current rectification property in iron(III) systems. The understanding of 

these results helped to distinguish asymmetric and unimolecular current rectification 

mechanisms in iron(III) complexes. To understand the current rectification mechanism, two 
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iron(III) complexes were synthesized and characterized. These two iron(III) complexes had 

different substituents on the phenolate moiety, but they had similar [N2O2]-type coordination 

environments around the metal ion.  

 

 Goal #5. To investigate the behavior of redox-active manganese complexes with [N2O3] and 

[N2O2] coordination environments for thin film formation and current rectification. Results 

are described in chapter 7. 

Investigating the properties of manganese(III) complexes, which are immobilized 

onto surfaces is less studied in the literature, and is a missing step preventing the further 

development of electronic applications. This goal was focused on merging redox and film 

formation properties onto manganese(III) systems. This study investigated manganese 

complexes with [N2O3] and [N2O2] donor sets. Different hydrophilic and hydrophobic 

substituents were used to modulate the chemical and physical properties. Finally, suitable 

metal complexes were employed in nanoscale devices to measure the current rectification 

behavior.  
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CHAPTER 2  

MATERIALS, METHODS, AND INSTRUMENTATION 

 

2.1 Materials 

The designed ligands and their respective metal complexes that are described in 

chapters 3-7 were synthesized by multistep synthetic procedures. Air and moisture-sensitive 

compounds were handled using standard Schlenk and glove box techniques, where it was 

necessary. The chemicals that were used to synthesize the ligands and the metal complexes 

of interest were purchased from Alfa Aesar, Sigma Aldrich, Acros Organics, Fisher 

Scientific, and Strem Chemicals and were used without further purification. The organic 

solvents dichloromethane, methanol, and ethanol were purified using standard distillation 

methods, and calcium hydride was used as the drying agent. The solid substrates (mica, 

quartz, and gold) that were used to deposit the thin films were purchased from SPI Supplies 

and Ted Pella, Inc.  

  

2.2 Methods and Instrumentation 

 The compounds that will be discussed in each of the chapters were thoroughly 

characterized using a wide range of techniques. The ligands and the metal complexes were 

characterized using standard techniques, including infrared (IR) spectroscopy, nuclear 

magnetic resonance (NMR) spectroscopy, mass spectrometry, CHN elemental analysis, 

melting point, and X-ray diffraction, if possible. The electronic and redox properties of the 

compounds were analyzed using UV-visible spectroscopy, electron paramagnetic resonance 
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(EPR) spectroscopy, cyclic voltammetry, and spectroelectrochemistry. The film formation 

and surface analysis of the thin films were assessed using Langmuir-Blodgett (LB) method, 

Brewster angle microscopy (BAM), static contact angle measurements, atomic force 

microscopy (AFM), and infrared reflection absorption spectroscopy (IRRAS).  Finally, after 

device fabrication, conductivity properties were examined by measuring the current-voltage 

(I-V) characteristics. An overview of each of the above mentioned techniques will be 

discussed in the following sections.  

 

2.2.1 Infrared (IR) Spectroscopy  

Infrared spectroscopy is especially useful in detection of functional groups of 

compounds depending on the peak position and intensity. For a compound to be identified by 

IR spectroscopy there should be a change in dipole moment of the molecule. IR radiation 

contains three main components namely, near-infrared region (NIR) from 14290-4000 cm
-1

, 

mid-infrared region from 4000-400 cm
-1

, and far-infrared region from 700-200 cm
-1

. Among 

these usually mid- and far-infrared regions are of special interest to detect organic 

compounds.
1,2

 The spectrum is typically recorded, the wave number in x-axis with the units 

of cm
-1

 and transmittance or absorbance in y-axis. In the IR spectrum it shows absorption 

bands related to different stretching and bending vibrations at different regions as shown in 

Figure 2.1. In this research project, the IR spectra were recorded in the region of            

4000-400 cm
-1

 using a Bruker Tensor 27 FTIR-spectrophotometer with OPUS 5.0 or 6.5 

software versions. The samples were prepared by mixing the compound with dry KBr salt in 

~ 1:10 ratio and they were pressed into transparent pellets using high pressures at ambient 
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conditions. The compound spectrum was collected when compared to a blank KBr sample 

and 32/64 scans were used to obtain the IR spectra of compounds. 

 

Figure 2.1. An overview of mid- to far-IR spectrum with important absorption regions.  

 

2.2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy  

NMR spectroscopy is a widely used analytical method to determine the structure of 

compounds. In this project, the 
1
H-NMR spectroscopy was used to characterize different 

organic building block precursors and ligands based on their peak positions, peak patterning, 

and peak integration. Since 
1
H-NMR spectroscopy gives information regarding different 

number of protons which are present in different environments. 
1
H-NMR spectra of different 

compounds were recorded using Varian 300 MHz, 400 MHz, and 500 MHz instruments 

during the course of this research project. 

 

2.2.3 Mass Spectrometry 

Another widely used standard characterization technique in analyzing compounds is 

Mass spectrometry. This method gives information regarding the molecular weight of the 

compound based on its mass/charge (m/z) ratio. Electrospray ionization mass spectrometry 
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(ESI-MS) was mostly used during this research project in analyzing organic precursors, 

ligands, and metal complexes. In ESI-MS, fragmentation of the molecules has been carried 

out by bombarding the sample ions with a high energy electron beam creating charged 

species with different molecular weights. Therefore, ESI-MS gives rise to a spectrum with 

mass/charge ratio plotted in the x-axis and relative intensity in y-axis.
3
 The dissertation 

research used high resolution ESI/APCI mass spectrometry methods in positive ion mode and 

was able to obtain dominant peaks mostly for their molecular ion peaks (M+H
+
), (M

+
), or 

(M+Na
+
). The spectra were measured on a Micromass LCT Premier XE (TOF) high 

resolution mass spectrometer. High resolution mass spectra values and isotopic distribution 

patterns were used to assign the chemical compositions of ligands and metal complexes. The 

standard limit for the difference between exact and accurate masses has been proposed to be 

smaller than ±5 ppm.
4
 Statistical methods can be used to calculate the difference between 

exact and accurate masses.
5,6 

For a given compound the difference between exact and 

accurate masses should be as small as possible.  

The matrix assisted ionization vacuum (MAIV) mass spectrometry data of Langmuir-

Blodgett (LB) monolayers for a few of the metal complexes were analyzed in collaboration 

with Prof. Sarah Trimpin from Department of Chemistry at Wayne State University. MAIV 

mass spectrometry measurements were performed by Mr. Tarick El-Baba. To measure 

MAIV mass spectrometry data for LB monolayers, the monolayers were deposited onto glass 

substrates and then the mass spectrometry measurements were carried out using a Waters 

IMS-MS SYNAPT-G2 instrument. MAIV measurements were carried out by removing the 

atmospheric pressure source to gain direct access to the skimmer cone.
7,8

 The monolayer 

films were ionized in combination with 3-nitrobenzonitrole (3-NBN) matrix in 
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acetonitrile/water mixture and then exposing to the mass spectrometer vacuum. All the 

monolayer samples were analyzed in comparison to their bulk samples which were measured 

using the same instrument under similar conditions.             

 

2.2.4 Elemental Analysis 

CHN elemental analyses were carried out to measure the purity and the elemental 

composition of samples. The samples were prepared by drying them in a heated vacuum 

chamber for ~ 48 hours. The CHN analyses of the samples were performed using Exeter 

analytical CHN analyzer by Midwest Microlab, Indianapolis, Indiana. During elemental 

analyses, a known weight of the compound has been burned in presence of excess of 

dioxygen gas. Then the resulting gases such as water, carbon dioxide, and nitric oxide
9
 are 

collected to calculate the percentages of carbon, hydrogen, and nitrogen that were originally 

present in the sample. It is important to obtain a full combustion of the sample to when 

calculating the percentages of the elements during CHN elemental analyses.  

 

2.2.5 X-ray Single Crystal Analysis 

X-ray crystallography is important to identify structure, geometry, and coordination 

environment of the molecule. X-ray crystallography also provides an estimate about the bond 

distances and angles of the metal complexes. In this thesis, X-ray quality single crystals were 

obtained by following the slow evaporation method. The X-ray diffraction method was 

developed by following Bragg’s law which states that nλ = 2d sinθ,
10

 where λ is the incident 
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wavelength, n is an integer, d is the distance between two planes of the crystal lattice, and θ 

is the scattering angle. A schematic representation of the Bragg’s law is shown in Figure 2.2.    

 

Figure 2.2. A schematic representation of Bragg’s law. 

X-ray quality crystals were identified by analyzing samples through a microscope, 

and a good quality single crystals were mounted to a goniometer via a needle like sample 

holder. Crystals were mounted on Bruker X8 APEX-II Kappa geometry diffractometer, 

which uses Mo radiation and a graphite monochromator. After illuminating the crystal by an 

x-ray beam, the scattering pattern was collected by a Bruker CCD (charge coupled device) 

diffractometer equipped with an Oxford Cryostream low-temperature device and analyzed 

using APEX-II suite
11

 and SHELX-97
12

 incorporated with OLEX2 software.
13
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2.2.6 UV-visible Spectroscopy 

During UV-visible spectroscopy, molecules of a particular sample absorb the energy 

of the UV to visible region, and their electrons are excited from the ground state to 

energetically higher excited states. This phenomenon helps to identify the possible electronic 

transitions that can happen in a particular sample. The absorbance, A of the sample can be 

calculated using the Beer-Lambert law which is given by, A = ε c l. In this equation, ε is the 

molar absorptivity, c is the concentration of the sample, and l is the path length of the cuvette 

that is used to carry out the experiment. Therefore, it is important to use the same cuvette for 

all measurements that belong to the same experiment to use the same path length for 

comparison. Also, the absorbance is given by, A = log Io/I, where Io and I are the intensities 

of the incident and transmitted light, respectively. The molar absorptivity of a sample with 

known concentration can be calculated using a plot of absorbance versus wavelength.       

UV-visible spectroscopy is used to acquire information regarding the possible charge transfer 

transitions such as ligand-to-metal (LMCT), metal-to-ligand (MLCT), intervalence (IVCT), 

intra-ligand (ILCT), and electron transitions that occur between d-d and f-f orbitals. The most 

frequent electronic transitions involved in organic compounds
14

 are shown in Figure 2.3.  
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Figure 2.3. The general electronic transitions observed in organic compounds. 

The color of a compound depends on wavelengths that are transmitted by 

chromophores after absorbing certain wavelengths to occur electronic transitions. The near-

UV region is considered to be from 200 to 380 nm, and the visible region is considered to be 

from 380 to 780 nm. A UV-visible spectrophotometer is composed of a light source, mirrors 

to coordinate the light beam, a diffraction grating, a sample holder, and a detector. A 

schematic diagram of a UV-visible spectrophotometer
15

 is shown in Figure 2.4. The         

UV-visible spectra of solution and solid LB films were measured from 200 to 1100 nm on a 

Cary 50 spectrophotometer.      
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Figure 2.4. Schematic diagram of a UV-visible spectrophotometer. 

 The measurement of UV-visible spectra of LB films provides additional information 

about the molecular ordering such as possible chromophore aggregations during the film 

deposition.
16

 There are two types of aggregate formations, namely, H- and J-aggregates. 

There are three types of chromophore arrangements in dye molecules: ladder-type, staircase-

type, and brickwork-type
17

 (Figure 2.5). Among these, brickwork-type chromophore 

arrangements give rise to J-aggregates. When comparing the UV-visible spectra observed for 

solution and well-ordered films, a hypochromic shift of absorption bands indicate the 

formation of H-aggregates whereas a bathochromic shift of absorption bands indicate the 

formation of J-aggregates.
18

 Therefore, by comparing the solution and the solid-state LB film 

spectra, information is obtained regarding the possible chromophore arrangements present in 

the LB film.    

 

Figure 2.5. Different types of chromophore aggregations. 
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2.2.7 Cyclic Voltammetry (CV) 

Cyclic voltammetry is one of the main techniques that was employed in studying the 

redox properties of compounds. Cyclic voltammetry measures the electron transfer between 

electrodes and molecules in solution.
19

 The cyclic voltammetry setup (Figure 2.6) consists of 

a cell, which is filled with sample solution and three electrodes, namely, working electrode 

(glassy-carbon), an auxiliary electrode (Pt-wire), and a reference electrode (Ag/AgCl). 

During this dissertation research, dry solvents were used to dissolve the sample and the 

solution was purged with an inert gas to remove dissolved dioxygen from the system.  

 

Figure 2.6. Demonstrative view of cyclic voltammetry experimental setup. 

The plot obtained between the applied potential and current is referred to as a cyclic 

voltammogram (Figure 2.7) and using this plot one can obtain many parameters such as E½ 

[(Epa+Epc)/2], ΔE, and ipa/ipc values for particular redox active compounds. 
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Figure 2.7. An illustration of a cyclic voltammogram.
 

During an electrochemical process, electrons are transferred from the oxidized 

species (O) to the reduced species (R) as denoted by Equation 2.1. 

 

The Nernst equation (Equation 2.2) provides the relationship between the cell 

potential and the concentration of chemical species present in the electrochemical cell. 

Therefore, with known parameters, an unknown species, such as concentration of oxidized or 

reduced species, can be calculated.   

 

In the Equation 2.2, E is the electrode potential, E
o
 is the standard electrode 

potential, R is the universal gas constant, T is the temperature, n is the number of electrons, F 
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is the Faraday’s constant, [O] is the concentration of the oxidized species, and [R] is the 

concentration of the reduced species.  

The conditions for an electrochemical process to be considered as reversible are as follows,
20

 

1. The peak potential difference between cathodic and anodic half processes,                    

ΔE = (Epc - Epa) = 0.058 V for an one electron process 

2. The ratio between anodic and cathodic peak currents, ipa/ipc = 1.0 

3. The peak currents of a redox process, (ipa and ipc) are relative to the square root of the 

scan rate.   

If the ΔE and ipa/ipc values of a redox process are approximate to the above mentioned 

ideal values, then the electrochemical process is quasi-reversible. In this dissertation 

research, the electrochemical experiments were carried out at ambient temperature using a 

BAS 50W voltammetric analyzer. Cyclic voltammograms were recorded at 100 mV/s in 

dichloromethane, using tetrabutylammonium hexafluorophosphate (TBAPF6) as the 

supporting electrolyte. All the potential values were recorded versus the Fc
+
/Fc couple.

21
 

 

2.2.8 Spectroelectrochemistry 

Spectroelectrochemical experiments were carried out to distinguish the spectral bands 

associated with electronic transitions. Spectroelectrochemical experiments were conducted 

by coupling UV-visible spectroscopy along with cyclic voltammetry. In this dissertation 

research, the spectroelectrochemistry experiments were carried out as follows: An optically 

transparent thin layer cell was constructed using indium-tin oxide (ITO) (8-12 Ω/sq) coated 

glass slides. A flat platinum wire with “U” shape was used as the working electrode and this 
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was sandwiched between two ITO plates. The optical path of the cell was found to be ca. 0.1 

mm. Dichloromethane solutions of the compounds were introduced to the cell through 

capillary action. A pseudo Ag/AgCl electrode and a platinum wire were used as the reference 

and auxiliary electrodes, respectively. A BAS 50W voltammetric analyzer and a Varian Cary 

50 spectrophotometer were used together to collect the data. All the spectroelectrochemistry 

experiments were carried out under ambient conditions. 

 

2.2.9 Electron Paramagnetic Resonance Spectroscopy (EPR) 

EPR spectroscopy detects the unpaired electrons present in paramagnetic compounds. 

Therefore, this gives information regarding the spin state of a molecule. The basis of the EPR 

spectroscopy is equivalent to the NMR spectroscopy, but EPR spectroscopy is not widely 

used when compared to NMR spectroscopy due to the complexity. EPR spectroscopy 

measures the electron spin, which becomes excited by absorbing microwave radiation, when 

in an external magnetic field whereas NMR spectroscopy measures the nuclei spin. In EPR 

spectroscopy, the electrons are considered as charged particles and these charged particles 

spin around their axis, and generate a magnetic moment (μB). Once the paramagnetic sample 

is located in the presence of a magnetic field, the electrons will start to form parallel and anti-

parallel spin states by aligning with the magnetic field. During this process, if a sufficient 

magnetic field is applied, the electrons will start to transfer between the two states.
22

 The 

energy difference between these two states is given in Equation 2.3. 
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ΔE = hν = gμBB0 ……………….Equation 2.3 

(Where, h - Planck’s constant, ν - frequency, g - Landé g-factor, μB - Bohr magneton, and   

B0 - magnetic field).  

The response obtained between the magnetic field strength versus the absorption is 

known as the EPR spectrum, and usually the first derivative of the original spectrum is 

presented. In this dissertation research, few compounds were analyzed by X-band EPR 

spectroscopy with a Bruker ESP 300 spectrometer at 115 K. 

   

2.2.10 Langmuir-Blodgett (LB) Methods: Isothermal Compression and Brewster Angle 

Microscopy (BAM)  

The Langmuir-Blodgett method is used to analyze the amphiphilic behavior of 

molecules at the air/subphase interface. The LB method is an inexpensive process that uses to 

deposit molecules without any structural decomposition. LB films are conformal well-

ordered thin films with controlled thicknesses. In addition, the method allows depositing 

multilayers with approximately same surface coverage. The thickness of the Langmuir film 

can vary depending on the molecular structure and the packing morphology, but provides a 

rough estimate on molecular dimensions. To carry out LB experiments, the molecules of 

interest should show amphiphilic properties. Therefore, the molecules should contain 

hydrophilic and hydrophobic parts to interact with each other to make a film at the air/water 

interface. The thin film formed at the interface is known as a Langmuir film and this can be 

composed of a mono- or multilayered film (mostly monolayer) with a 2D structure. During 
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the LB experiment, a smooth surface is used to form defect free films at the interface. 

Therefore, nano-pure water with a resistivity value of 18.2 MΩ•cm
-1

 is used as the subphase, 

nonetheless at times mercury,
23

 glycerol,
24

 and other brine solutions
25

 (sodium chloride and 

sodium terephthalate) have been reported. The LB experimental setup is composed of a 

trough to fill the subphase, two barriers to move across the subphase to compress the 

Langmuir film, a thermocouple to sense the temperature of the subphase, and a Wilhelmy 

plate (paper plates of 20 mm  10 mm) balance to measure the surface pressure. The LB 

setup is shown in Figure 2.8. On the LB trough, a special well has been designed to carry out 

the dipping experiments.   

 

Figure 2.8. A diagram of the LB experimental setup. 

During the experiment, the trough is filled with the subphase and a known volume of 

compound is spread on the subphase surface by dissolving it in a volatile, non-reactive 

solvent such as chloroform, dichloromethane, or n-hexanes (solution concentration;               

1 mg/ml). Usually the experiment is carried out at 23 ± 0.5 °C. After about 20 minutes of 

waiting time, the experiment starts and the barriers move at a constant, slow speed. During 
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the compression, surface pressure increases, and plots a graph between average molecular 

area (Å
2
) versus surface pressure (mN/m). This plot is known as the compression isotherm of 

the compound, and a representative plot is shown in Figure 2.9. Within the time of 

compression, the molecules will transfer through gaseous 2D → expanded 2D → condensed 

2D phases.  

 

Figure 2.9. Representative view of a LB compression isotherm.
 

The isotherm plot provides different characteristics that belong to the compound, such 

as the area where the molecules will start to interact with each other, possible phase transition 

surface pressures, critical area of the molecule (Ac), and the collapse pressure (πc). During the 

compression, the Langmuir film will transfer from a liquid-expanded to a liquid-condensed 

state, and at the end when the film becomes unstable, it will collapse. The collapse of the film 
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can happen via either constant pressure or constant area collapse mechanisms.
26,27

 Usually 

the most homogeneous film will be formed at the steepest region of the isotherm plot.  

LB method has been vastly used to deposit thin films of organic molecules on to solid 

substrates. After analyzing the isotherm plot, a stable surface pressure should be identified to 

deposit the Langmuir film on to a solid substrate. Weak van der Waals forces are used to 

transfer the 2D Langmuir films on to solid surfaces, and therefore, the hydrophilic and 

hydrophobic interactions play a major role when depositing the film. These deposited thin 

films are Langmuir-Blodgett films. When hydrophilic substrates such as, glass, quartz, mica, 

silicon, and gold are used for the deposition, the up-stroke dipping method is used. Then the 

hydrophilic parts of the molecule will first attract to the surface. On the other hand, if a 

hydrophobic substrate such as HOPG is used, then the hydrophobic counterparts will initially 

attract to the substrate surface. Therefore, a down-stroke dipping method will be most useful. 

Depending on these up- and down-stroke deposition methods, there can be three main LB 

film structures, namely X-, Y-, and Z-type (Figure 2.10).  

 

Figure 2.10. Different (a) X-type, (b) Y-type, and (c) Z-type LB multilayer film structures. 
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Y-type structures originate by following both up and down dipping methods, and they 

are the most common type (Figure 2.11). X- and Z-type structures are generated by 

following only down- or up-stroke dipping methods, 
 
respectively.

28
    

 

Figure 2.11. The (a) up-stroke and (b) down-stroke LB dipping methods. 
 

 An idea about the surface coverage of the substrate can be gained by calculating the 

transfer ratio [Transfer Ratio (TR) = Area covered on the substrate/Area lost from the 

Langmuir film].
29

 A complete surface coverage is denoted when the TR is close to unity. The 

desired film thickness can be achieved by repeating the deposition process. Depending on the 

purpose of film fabrication the substrate material can be changed. Also, it is important to use 

clean substrates for film fabrication. The glass and quartz substrates can be cleaned with 

Piranha solution (3:1 concentrated sulfuric acid/30% hydrogen peroxide solution) and gold 

substrates can be cleaned with absolute ethanol. Then, the substrates can be washed with 

abundant amounts of deionized water and ultra-pure water. Mica and HOPG substrates can 

be freshly cleaved before use. Since the LB experiments are very sensitive to contaminants, a 

clean vibration free laboratory environment is desired. Before starting the experiment, the 

subphase surface is cleaned by sweeping method upon barrier compression. During the 

dissertation research, the LB experiments were carried out using an automated KSV 2000 
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mini trough at 23 ± 0.5 °C and a compression rate of 10 mm/min using Barnstead 

NANOpure water (18.2 MΩ/cm). Spreading of a known volume of chloroform solutions (1.0 

mg/mL) of metal complexes were followed by 20 min equilibrium time before compression. 

The pressure was measured by the Wilhelmy plate method (paper plates 20 mm × 10 mm).  

 Mostly, Brewster angle microscopy (BAM) is accompanied with the LB experiment 

to image the formation of Langmuir films at the air/water interface. The BAM consists of a 

laser source, an analyzer, and a CCD camera to detect the reflected light as shown in Figure 

2.12. The digital images that are collected by BAM are known as micrographs.  The angle of 

incidence, where it completely transmits the polarized light without any reflection is known 

as the Brewster angle.
30

 Different Brewster angles are observed for different materials, since 

they have dissimilar refractive indices. The air/water and air/glass interfaces show Brewster 

angles of 53 and 56°, respectively. The refractive indices (n) are different for pure water 

subphase (n = 1.333) and the Langmuir film containing subphase. Therefore, by analyzing 

the reflected light beam, the structural features belonging to the film can be observed. BAM 

is used to infer the features belonging to the Langmuir film, such as phase transitions, 

domain formation, Newton ring formation, collapse, and defects. At the collapse, the BAM 

images show unique features with linearly structured Newton rings.
31

 For the dissertation 

research, a KSV-Optrel 300 Brewster angle microscope equipped with a He/Ne laser (10 

mW, 632.8 nm) and a CCD detector was used to collect the micrographs. The field view of 

the microscope is 800 × 600 μm and the lateral resolution is 2 μm.   
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Figure 2.12. (a) The experimental BAM module and (b) an illustration of the Brewster angle 

at air/subphase interface.  

 

2.2.11 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Infrared reflection absorption spectroscopy (grazing angle reflection spectroscopy) is 

used to assess the molecular patterning, structural information, defects, and the packing 

topologies of thin films. Different substrates can be used to deposit the molecular films 

namely, metal plates, silicon wafers, gold coated glass plates, and quartz. Among these, the 

metal plated substrates are well-suited, because they can reflect light more efficiently when 
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compared to dielectric substrates.
32

 In this method, the signal to noise ratio (S/N) is an 

important factor that governs the resolution of the obtained IRRAS spectrum. Higher the S/N 

ratio the better the quality of the spectrum and that is relative to the film thickness.
33

 A 

schematic representation of the IRRA spectrophotometer is shown in Figure 2.13. The 

spectrophotometer consists of an IR light source, a mid infrared range (MIR) polarizer, a 

ZnSe photoelastic modulator (PEM), and a mercury cadmium telluride detector.  

 

Figure 2.13. A representative view of an IRRA spectrophotometer.   

The unpolarized light that is generated from the IR light source converts into 

polarized light after passing through the MIR polarizer. Inside the spectrophotometer, the 

ZnSe PEM is situated at an angle of 45° to that of the MIR polarizer. Therefore, the PEM 

modulates the polarized light between s- and p-polarization modes. With the aid of computer 

controlled mirrors, the sample can be irradiated with the s- or p-polarized light. During this 

process, the angle of incidence can be varied from 13 to 85°. The reflected light from the 

sample contains both s- and p-components of polarized light. However, the detector detects 

the difference of reflected light (ΔR = Rp-Rs) and provides vibrational information with 

respect to their transition dipole moments along the substrate surface. The liquid nitrogen-

cooled MCT detector generates a high quality IRRAS spectrum with minimized noise level. 

In this regard, the polarization module is useful to remove the noise generated due to 
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atmospheric moisture and carbon dioxide. The interaction of incident and reflected light with 

the thin film is shown in Figure 2.14. 

 

Figure 2.14. The interaction of incident and reflected light with the sample. 

In this dissertation research, prior to IRRAS measurements, the LB multilayers (up to 

50 layers) of metal complexes were deposited onto thoroughly cleaned glass substrates and 

they were dried in a desiccator for 24-48 hours to remove the adventitious moisture. Prior to 

the experiment, the sample chamber was purged with nitrogen gas to remove the interference 

of carbon dioxide and moisture. Afterward, the sample containing substrates were placed in 

the sample chamber with an aid of a sample holder. A set of data was collected using a blank 

sample (a clean glass slide) under similar experimental conditions (with same angle of 

incidences), to that of the sample. Depending on the data collection mode (transmittance or 

absorbance), the IRRAS spectrum of the compound can be generated, by dividing or 

subtracting the sample spectrum and the blank spectrum. A Bruker Tensor 27 infrared 

spectrophotometer outfitted with an A 513/Q variable-angle accessory was used along with a 
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liquid nitrogen cooled MCT detector to detect the IRRA spectra. A two minute scanning time 

was used to obtain the IRRA spectra. 

 

2.2.12 Static Contact Angle Measurements 

The static contact angle measurements provide information about the hydrophilicity 

or the hydrophobicity of a surface covered with a thin film. To carry out the static contact 

angle measurements, an ultrapure water droplet is placed on the surface of a substrate that is 

covered with a LB monolayer, and the contact angle is measured using a goniometer. The 

angle between the surface of the substrate and the tangent drawn between the air/water 

interface is known as the contact angle. Theoretically, a hydrophilic surface displays a 

contact angle below 90° and a hydrophobic surface displays a contact angle above 90° 

(Figure 2.15). However, experimentally, the observed contact angle is always compared with 

the blank (a similar clean substrate). A pure glass substrate shows a contact angle of ~ 8°. 

Hydrophilic surfaces show surface wetting properties and hydrophobic surfaces do not show 

surface wetting properties. To obtain reproducible data, the contact angle of the sample was 

measured at several different places and a 3 μL volume of water was used to create the water 

droplets. In this dissertation research, the contact angles of a few metal complexes were 

measured at ambient conditions using a KSV CAM 200 goniometer equipped with a CCD 

camera.  
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Figure 2.15. The contact angle on hydrophilic and hydrophobic surfaces.  

 

2.2.13 Atomic Force Microscopy (AFM) 

 Atomic force microscopy is a nanoscopic surface analyzing technique that provides 

information regarding the surface features of coatings. In AFM, the probe which is connected 

to the end of a cantilever scans the surface of the sample, by smoothly moving over the 

sample and creating a data map. This data map can provide information regarding the surface 

morphology, surface roughness, and thickness of a given thin film. There are three 

operational modes present in AFM, namely tapping, contact and non-contact modes. The 

contact mode uses repulsive forces and the non-contact mode uses attractive forces to 

generate the data map. In the tapping mode, tip makes contact with the surface of the sample 

for a short period of time, but with a constant frequency. In the dissertation research, AFM 

was used to analyze the surface properties of LB films. The morphology of mono and 

multilayer LB films on mica, quartz, and gold were characterized by Dimension 3100 AFM 

(VEECO). The height, amplitude, and phase images were obtained in the tapping mode at 

ambient conditions, using silicon probes (nanoScience Instruments, VistaProbes T300) with 
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resonance frequency of 300 kHz and nominal radius of curvature < 10 nm. Scan rates were 

varied from 0.5 to 2 Hz depending on the scan size. Integral and proportional gains were 

approximately 0.4 and 0.8, respectively. Height images have been plane-fit in the fast scan 

direction with no additional filtering operation. Images were analyzed using the Nanoscope 

software from Digital Instruments (Version 5.12). Morphology and surface roughness of 

mono and multilayer LB films were displayed using height images as well as 3D surface 

plots from 3 to 5 areas with 5×5 or 1×1 μm
2
 size on mica substrates. Film thicknesses were 

determined by measuring the depth of scratches made by a sharp blade at five different 

locations on the film, using the sectional height analysis command. The AFM measurements 

and surface analysis were performed in collaboration with Prof. Guangzhao Mao from 

Department of Chemical Engineering and Materials Science at Wayne State University. The 

AFM measurements were carried out by Dr. Li Li.   

 

2.2.14 Device Fabrication and Current-Voltage (I-V) Characterization 

  The main goal of this dissertation research was to investigate the properties of a series 

of new redox active metallosurfactants, which are suitable to be used in the molecular 

electronics field. The metal complexes were fabricated into nanoscale devices, and their 

current-voltage characteristics were measured. The metal|molecule|metal junction is the most 

well-known architecture that has been reported to study the electrical properties of organic 

and inorganic materials.
34

 To build the metal|molecule|metal junction, the compound has 

been sandwiched between two symmetric or asymmetric metal electrodes.  In the dissertation 

research, nanoscale devices were fabricated using LB monolayers. A suitable surface 
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pressure to deposit the LB monolayers was identified by AFM analysis that was carried out 

prior to device construction. LB film deposited gold coated mica substrates were dried in a 

desiccator for five days to remove moisture. Devices, which comprised the structure of              

gold|LB-monolayer|gold (Au|LB-monolayer|Au) were fabricated using the shadow masking
35

 

method by depositing the top gold electrode using an EffaCoater gold sputter with argon as 

the carrier gas. In this method, copper TEM grids were used to generate isolated devices on 

the same gold substrate. At least three assemblies which constitute of an average of 16 

devices were measured, to obtain consecutive results. The general assembly layout is shown 

in Figure 2.16. The current-voltage (I-V) characteristics were measured using a Keithley 

4200 semiconductor parameter analyzer and a Signatone S-1160 Probe Station at ambient 

conditions in collaboration with Prof. Zhixian Zhou from Department of Physics and 

Astronomy at Wayne State University. I-V characteristics were measured by Mr. Meeghage 

Madusanka Perera. 

 

Figure 2.16. The representative assembly layout of Au|LB-monolayer|Au.  
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2.2.15 Density Functional Theory (DFT) Calculations 

DFT calculations were conducted for a few of the iron(III) complexes that were 

studied during the dissertation research. In these cases, the calculations were performed to 

understand the electronic transitions in UV-visible spectra and to assign the sequence of 

redox processes. In addition, the calculations provided information regarding the HOMO-

LUMO energies, which were useful in understanding the current rectifying mechanism in 

iron(III) complexes. The calculations were carried out with the GAUSSIAN program
36

 using 

B3LYP/SDD, 6-31G(d,p) level of theory
37

 and SMD solvation (dichloromethane) model. 

Geometries of all the structure models that were probed during the calculations were 

minimized with the aid of standard methodologies.
38

 These calculations were performed in 

collaboration with Prof. H. Bernhard Schlegel from Department of Chemistry at Wayne State 

University. The calculations were carried out by Dr. Shivnath Mazumder and Mr. Bishnu 

Thapa.  
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CHAPTER 3 

INVESTIGATION OF THE ELECTRONIC, REDOX, ELECTRON 

DONOR/ACCEPTOR, AND FILM FORMATION PROPERTIES OF                  

[N2O3]-CONTAINING GALLIUM(III) AND IRON(III) METALLOSURFACTANTS  

 

3.1 Introduction 

A theme in the microelectronic industry today is to manufacture efficient, low cost 

microelectronic devices with smaller feature sizes.
1,2

 To achieve this goal, there is a 

continuing effort to manufacture devices with high aspect ratios in the nanometer scale. 

Furthermore, there is a continuing effort to scale down the feature sizes to the molecular 

level, since it is the smallest possible level known to date. These researchers suggest that the 

molecule-based devices would be an advanced alternative for miniaturization process of 

electronic components,
3,4,5 

and molecules that can probe several redox states and those can 

form uniform thin films are the prime target in this regard. Lindsey et al. suggested that the 

molecules with at least three accessible cationic states are the most suitable candidates for the 

information storage.
6
 Two main strategies have been adopted when designing molecules to 

probe these redox states. One way is to build systems with several molecules, which are 

redox active, and the other is to design a single molecule, which has access to several redox 

states.
7
 

This chapter reviews the development of new redox-active transition metal complexes 

that are capable of acting as precursor metallosurfactants for the thin film formation toward 

molecular electronics. This study has considered molecules with multiple redox states and 

was interested of a pentadentate ligand system with phenolate/phenoxyl redox-couple seen in 
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nature, tyrosine hydroxylase (TyrOH),
8
 which shows great redox reversibility. Nonetheless, 

pseudooctahedral complexes known to date do not show notable redox reversibility when 

compared to natural systems, such as TyrOH.
9
 Therefore, a main target of this study was to 

form pentacoordinate complexes with improved redox properties when compared to 

octahedral complexes, such as reversibility and cyclability of the compound without 

decomposing them on the electrode surface. Also, these features are important for 

information storage because subsequent oxidations and reductions can be used to read and 

write information.
10

 

Recently, the Verani group has reported that schemes of asymmetric pentadentate 

ligands coordinated to trivalent iron and gallium metal centers, display good redox 

properties.
9
 To use these redox-active molecules as potential candidates in molecule-based 

electronics, it is necessary to deposit the molecules onto solid substrates as thin films. Herein, 

I present the design of a series of ligands with [N2O3] binding moiety with modifications at 

the fourth and the fifth positions of the phenylenediamine ring to merge amphiphilic and 

redox properties together. To characterize the amphiphilic behavior of molecules, the 

Langmuir-Blodgett (LB) deposition method was used. The LB method is capable of forming 

well-organized films with controlled thickness using organic or inorganic molecules. Scheme 

3.1 shows the representative diagram of the ligands and the metal complexes of interest. 
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Scheme 3.1. Ligands and their respective iron(III) and gallium(III) metal complexes. 
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3.2 Experimental Section 

3.2.1 X-ray Structural Determinations for complex 5’ 

The structure [Fe
III

L
1’

], (5’) was solved by direct methods using the SHELXS-97 

program in APEX II suite and refined by least squares method on F
2
, SHELXL-97. A dark 

red-brown crystal of (5’) was mounted on a mitogen loop, and data were collected on a 

Bruker APEX-II Kappa geometry diffractometer with Mo radiation and a graphite 

monochromato using a Bruker CCD based diffractometer equipped with an Oxford 

Cryostream low-temperature apparatus at 100 K. A total of 92860 reflections were collected 

with 24321 unique reflections. Two independent molecules were present in the asymmetric 

unit cell and one disordered tert-butyl group was found in one of the structures. All non-

hydrogen atoms are refined anisotropically. Hydrogens were calculated by geometrical 

methods and refined as a riding model. 

 

3.2.2 Syntheses of Ligands 

Synthesis of Organic Precursors 

The ligand synthesis was a multistep process. Because the substituted 1,2-diamine 

precursors are air sensitive, the synthesis, isolation, and subsequent synthetic steps were 

carried out using standard Schlenk and glove box techniques. 1,2-Dimethoxy-4,5-

dinitrobenzene,
11

 4,5-dimethoxybenzene-1,2-diamine,
11

 2,4-di-tert-butyl-6-

(hydroxymethyl)phenol,
12

 and 2,4-di-tert-butyl-6-(chloromethyl)phenol
9
 were synthesized 

following  reported procedures. 
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Synthesis of 1,2-bis(octadecyloxy)benzene (L
1a

). 

To a solution of catechol (1.00 g, 9.08 mmol) and anhydrous K2CO3 (4.52 g, 32.7 

mmol) in anhydrous N,N-dimethyl formamide (15 mL), a solution of 1-bromooctadecane 

(6.67 g, 20.00 mmol) in anhydrous N,N-dimethyl formamide (20 mL) was added drop wise 

over a period of 15 minutes under inert conditions. After refluxing for 18 h, the reaction 

mixture was poured into 150 mL of cold (0 °C) water and extracted with dichloromethane 

(100 mL). The organic layer was collected and dried over anhydrous Na2SO4. The solvent 

was removed by rotatory evaporation and the remaining yellow viscous oil was re-dissolved 

in a n-hexanes and ethyl acetate (19:1). The solution was filtered through silica under 

vacuum. The obtained pale yellow solution was concentrated to half of its original volume 

and was kept in the refrigerator to yield a white precipitate of 1,2-bis(octadecyloxy)benzene. 

Yield: 72%. APCI (m/z
+
) = 637.5892 (100%) for [C42H78O2 + Na

+
] (calculated = 637.5900) 

in agreement with -1.3 ppm difference. IR (KBr, cm
-1

) 2850-2919 (νC-H), 1595 (νC=C, 

aromatic), 1508 (νC=C, aromatic), 1259 (νC-O-C). 
1
H NMR, ppm (CDCl3, 300 MHz):   6.866 

(s, 4H
ph

), 3.969 (t, 4H
OCH2

), 1.790 (m, 4H
CH2

), 1.444 (m, 4H
CH2

), 1.239 (s, 56H
CH2

), 0.863 (t, 

6H
CH3

). 

 

Synthesis of 1,2-dinitro-4,5-bis(octadecyloxy)benzene (L
2a

). 

1,2-Dinitro-4,5-bis(octadecyloxy)benzene was synthesized by dissolving 1,2-

bis(octadecyloxy)benzene (2.05 g, 3.33 mmol) in dichloromethane (24 mL) and glacial acetic 

acid (24 mL). The reaction solution was cooled to 15 °C, and conc. HNO3 acid (3.5 mL) was 

added to the mixture that was subsequently stirred at ambient temperature for 30 minutes. 

The reaction mixture was cooled back to 15 °C and fuming HNO3 acid (8.5 mL) was added 



www.manaraa.com

75 

 

 
 

slowly. After stirring the reaction mixture for 72 hours at ambient temperature, the solution 

was added to ice cold water (100 mL). The organic layer was washed sequentially with water 

(3 × 100 mL), saturated NaHCO3 solution (100 mL), and brine solution (100 mL). After 

drying the organic layer over anhydrous Na2SO4, the solvent was removed by rotatory 

evaporation and recrystallized from hot acetone to yield 1,2-dinitro-4,5-

bis(octadecyloxy)benzene as yellow crystals. Yield: 86%. APCI (m/z
+
) = 743.5341 (100%) 

for [C42H76N2O6 + K
+
] (calculated = 743.5340) in agreement with 0.1 ppm difference. IR 

(KBr, cm
-1

) 2850-2918 (νC-H), 1587 (νC=C, aromatic), 1539 (νC=C, aromatic), 1294 (νC-O-C), 

1466 (νN=O), 1335 (νN=O), 873 (νC-N). 
1
H NMR, ppm (CDCl3, 400 MHz):   7.270 (s, 2H

ph
), 

4.073 (t, 4H
OCH2

), 1.846 (m, 4H
CH2

), 1.453 (m, 4H
CH2

), 1.234 (s, 56H
CH2

), 0.857 (t, 6H
CH3

). 

 

Synthesis of 4,5-bis(octadecyloxy)benzene-1,2-diamine (L
3a

). 

Synthesis of 4,5-bis(octadecyloxy)benzene-1,2-diamine was carried out by reacting 

1,2-dinitro-4,5-bis(octadecyloxy)benzene (2.4 g, 3.4 mmol) with hydrazine monohydrate (6.3 

mL) in presence of 0.1 g of 10% Pd/C in absolute ethanol (50 mL) under inert conditions. 

After refluxing for 18 hours, the mixture was filtered through celite under inert conditions. 

The solvent was reduced to dryness under vacuum to yield a white precipitate as 4,5-

bis(octadecyloxy)benzene-1,2-diamine. Yield: 76%. IR (KBr, cm
-1

) 3334 (νN-H), 2850-2917 

(νC-H), 1560 (νC=C, aromatic), 1532 (νC=C, aromatic), 1249 (νC-O-C). 
1
H NMR, ppm (CDCl3, 

400 MHz):   6.350 (s, 2H
ph

), 3.858 (t, 4H
OCH2

), 3.121 (s, 4H
NH2

), 1.717 (m, 4H
CH2

), 1.410 

(m, 4H
CH2

), 1.234 (s, 56H
CH2

), 0.856 (t, 6H
CH3

). 
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Synthesis of 1,2-bis(2-methoxyethoxy)benzene (L
1b

). 

Catechol (4.00 g, 36.3 mmol) was dissolved in a NaOH solution in ethanol (9.07 g of 

NaOH in 80 mL of 95% ethanol). To this was added 1-bromo-2-methoxyethane (25.7 g, 185 

mmol) drop wise under inert conditions. The mixture was heated at reflux for 48 hours. The 

resulting dark solution was concentrated and extracted with ether and 10% NaOH solution in 

water. The organic layer was collected, dried over Na2SO4 and the resulting pale yellow 

viscous oil was further dried under vacuum to give 1,2-bis(2-methoxyethoxy)benzene. Yield: 

80%. IR (KBr, cm
-1

) 2820-3065 (νC-H), 1594 (νC=C, aromatic), 1503 (νC=C, aromatic), 1257 

(νC-O-C), 1127 (νC-O-C).
 1

H NMR, ppm (CDCl3, 400 MHz):  3.427 (s, 6H
OCH3

), 3.741 (t, 

4H
OCH2

), 4.134 (t, 4H
OCH2

), 6.902 (m, 4H
ph

). 

 

Synthesis of 1,2-bis(2-methoxyethoxy)-4,5-dinitrobenzene (L
2b

). 

To a cooled (<15 °C) solution of 1,2-bis(2-methoxyethoxy)benzene (4.53 g, 20.0 

mmol) in dichloromethane (140 mL) and glacial acetic acid (140 mL) was added 65% HNO3 

acid (20 mL) over a period of 15 minutes. The mixture was stirred at ambient temperature for 

30 minutes and cooled back to 15 °C. Afterwards, fuming HNO3 acid (50 mL) was added to 

the reaction mixture over 30 minutes and stirred for 72 hours at ambient temperature. The 

reaction was quenched by adding the mixture to 500 mL of ice cold water and extracted with 

water (3 × 500 mL), saturated NaHCO3 solution (500 mL), and finally with brine solution 

(500 mL). The organic layer was dried over anhydrous Na2SO4 and the solvent was removed 

by rotatory evaporation. The crude product was recrystallized from methanol to give 1,2-

bis(2-methoxyethoxy)-4,5-dinitrobenzene as a yellow crystalline product. Yield: 41%.        

IR (KBr, cm
-1

) 2818-3129 (νC-H), 1590 (νC=C, aromatic), 1522 (νC=C, aromatic) 1472 (νN=O), 
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1338 (νN=O), 884 (νC-N), 1295 (νC-O-C), 1120(νC-O-C). 
1
H NMR, ppm (CDCl3, 400 MHz) :  

3.418 (s, 6H
OCH3

), 3.785 (t, 4H
OCH2

), 4.259 (t, 4H
OCH2

), 7.394 (s, 2H
ph

). 

 

Synthesis of 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine (L
3b

). 

Hydrazine monohydrate (1.04 g, 20.7 mmol) was added slowly to a mixture of 1,2-

bis(2-methoxyethoxy)-4,5-dinitrobenzene (0.601 g, 1.90 mmol) and 10% Pd/C (0.025 g) in 

absolute ethanol (12.5 mL). The solution was heated at reflux for 18 hours under inert 

conditions. The hot solution was filtered through celite under argon and reduced to dryness 

under vacuum to give 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine as a colorless viscous 

oil. Yield: 97%. IR (KBr, cm
-1

) 3343 (νN-H), 2734-2928 (νC-H), 1628 (νC=C, aromatic), 1518 

(νC=C, aromatic), 1238 (νC-O-C), 1123 (νC-O-C). 
1
H NMR, ppm (CDCl3, 400 MHz):  3.208 (s, 

4H
NH2

), 3.374 (s, 6H
OCH3

), 3.637 (t, 4H
OCH2

), 4.006 (t, 4H
OCH2

), 6.352 (s, 2H
ph

). 

 

Ligands 

Ligand [H3L
1
] [6,6'-(3-(3,5-di-tert-butyl-2-hydroxybenzylamino)naphthalen-2-

ylazanediyl) bis(methylene)bis(2,4-di-tert-butylphenol)], was synthesized according to a 

known procedure.
13

 

To a mixture of 2,4-di-tert-butyl-6-(chloromethyl)phenol (4.84 g, 19.0 mmol) and 

triethylamine (1.92 g, 19.0 mmol) in dichloromethane (125 mL), a solution of naphthalene-

2,3-diamine (1.00 g, 6.32 mmol) in dichloromethane (25 mL) was added to the mixture 

slowly. This solution was heated at reflux for 48 hours. The resulting solution was washed 

sequentially with 5% Na2CO3 solution (3 × 150 mL) and dried over anhydrous Na2SO4. The 

solution was filtered and the solvent was removed by rotatory evaporation. The resulted 
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crude product was recrystallized in acetonitrile to attain a light brown micro-crystalline 

powder. Yield: 61.6%. Melting point = 169-171 °C. ESI (m/z
+
) in CH2Cl2 = 813.8 for 

[C55H76N2O3 + H
+
]. 

1
H NMR, ppm (CDCl3, 400 MHz):  1.220-1.447 (m, 54H

tBu
), 3.898 (d, 

2H
CH2

), 4.339 (d, 2H
CH2

), 4.428 (s, 2H
CH2

), 7.017-7.633 (m, 12H
ph

). IR (KBr, cm
-1

) 3613 (νO-

H), 3349 (νN-H), 2866-2957 (νC-H), 1630 (νC=C, aromatic), 1523 (νC=C, aromatic), 1236 (νC-N). 

 

Synthesis of ligand [H3L
2
], 6,6'-(2-(3,5-di-tert-butyl-2-hydroxybenzylamino)-4,5-

dimethoxyphenylazanediyl)bis(methylene)bis(2,4-di-tert-butylphenol). 

To a mixture of 2,4-di-tert-butyl-6-(chloromethyl)phenol (6.12 g, 24.0 mmol) and 

triethylamine (2.43 g, 24.0 mmol) in dichloromethane (150 mL), a solution of 4,5-

dimethoxybenzene-1,2-diamine (1.01 g, 6.00 mmol) in dichloromethane (25 mL) was 

cannulated under inert conditions. The resulting solution was heated at reflux for 72 hours. 

The obtained golden brown solution was extracted with brine solution (3 × 200 mL), dried 

over anhydrous Na2SO4, and the solvent was removed by rotatory evaporation. The resulting 

viscous oil was further dried under vacuum and the attained crude product was purified by 

column chromatography (4:1 n-hexanes/ethyl acetate) yielding a pale yellow solid product. 

Yield: 24%. Melting point = 102-104 °C. APCI (m/z
+
) in CH3OH = 823.6003 (100%) for 

[C53H78N2O5 + H
+
] (calculated = 823.5989) in agreement with 1.7 ppm difference. 

1
H NMR, 

ppm (CDCl3, 500 MHz):  1.254 (s, 18H
tBu

), 1.320 (s, 18H
tBu

), 1.330 (s, 9H
tBu

), 1.433 (s, 

9H
tBu

), 3.731 (s, 3H
OCH3

), 3.852 (s, 3H
OCH3

), 3.933 (s, 1H
CH2

), 3.966 (s, 1H
CH2

), 4.126 (s, 

1H
CH2

), 4.160 (s, 1H
CH2

), 4.237 (s, 2H
CH2

), 6.562 (s, 1H
ph

), 6.899 (s, 1H
ph

), 6.956 (d, 2H
ph

), 

7.032 (d, 1H
ph

), 7.175 (d, 2H
ph

), 7.299 (d, 1H
ph

). IR (KBr, cm
-1

) 3614 (νO-H), 3328 (νN-H), 

2866-2959 (νC-H), 1606 (νC=C, aromatic), 1517 (νC=C, aromatic), 1236 (νC-O-C). 
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Synthesis of ligand [H3L
3
], 6,6'-(2-(3,5-di-tert-butyl-2-hydroxybenzylamino)-4,5-

bis(octadecyloxy)phenylazanediyl)bis(methylene)bis(2,4-di-tert-butylphenol). 

The ligand was synthesized in a similar fashion as [H3L
2
]. 2,4-Di-tert-butyl-6-

(chloromethyl)phenol (1.02 g, 4.00 mmol), triethylamine (0.405 g, 4.00 mmol), 4,5-

bis(octadecyloxy)benzene-1,2-diamine (0.645 g, 1.00 mmol). The crude product was purified 

by column chromatography (10:1 n-hexanes/ethyl acetate) yielding a yellow viscous oil as 

the product. Yield: 44%. ESI (m/z
+
) = 1300.1342 (100%) for [C87H146N2O5 + H

+
] (calculated 

= 1300.1310) in agreement with 2.5 ppm difference. 
1
H NMR, ppm (CDCl3, 400 MHz) :  

0.863 (t, 6H
CH3

), 1.216 (s, 18H
tBu

), 1.238-1.287 (m, 83H
tBu, CH2

), 1.392 (s, 11H
tBu, CH2

), 1.548 

(m, 2H
CH2

), 1.696 (m, 2H
CH2

), 1.761 (m, 2H
CH2

), 3.767 (t, 2H
OCH2

), 3.899 (m, 4H
OCH2, CH2

), 

4.055 (s, 1H
CH2

), 4.087 (s, 1H
CH2

), 4.130 (s, 2H
CH2

), 6.490 (s, 1H
ph

), 6.90 (m, 3H
ph

), 6.963 (d, 

1H
ph

), 7.140 (d, 2H
ph

), 7.252 (d, 1H
ph

). IR (KBr, cm
-1

) 3614 (νO-H), 3328 (νN-H), 2854-2955 

(νC-H), 1603 (νC=C, aromatic), 1515 (νC=C, aromatic), 1235 (νC-O-C). 

 

Synthesis of ligand [H3L
4
], (6,6'-(2-(3,5-di-tert-butyl-2-hydroxybenzylamino)-4,5-bis(2-

methoxyethoxy)phenylazanediyl)bis(methylene)bis(2,4-di-tert-butylphenol). 

The ligand was synthesized in a similar fashion as [H3L
2
]. 2,4-Di-tert-butyl-6-

(chloromethyl)phenol (7.54 g, 3.80 mmol), triethylamine (3.16 g, 4.00 mmol), 4,5-bis(2-

methoxyethoxy)benzene-1,2-diamine (2.00 g, 7.80 mmol). The crude product was purified 

by column chromatography (3:1 n-hexanes/ethyl acetate) yielding a pale yellow solid as the 

product. Yield: 32.4%. Melting point = 71-73 °C. ESI (m/z
+
) in CH3OH = 911.6503 (100%) 

for [C57H86N2O7 + H
+
] (calculated = 911.6513) in agreement with -1.1 ppm difference. 

1
H 

NMR, ppm (CDCl3, 500 MHz):  1.215 (s, 18H
tBu

), 1.283 (s, 18H
tBu

), 1.294 (s, 9H
tBu

) 1.392 
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(s, 9H
tBu

), 3.380 (s, 3H
OCH3

), 3.444 (s, 3H
OCH3

), 3.648 (t, 2H
OCH2

), 3.699 (t, 2H
 OCH2

), 3.892 

(s, 1H
CH2

), 3.918 (s, 1H
CH2

), 3.978 (t, 2H
 OCH2

), 4.059 (m, 4H
OCH2, CH2

), 4.124 (s, 2H
CH2

), 

6.537 (s, 1H
ph

), 6.893 (d, 2H
ph

), 6.969 (d, 1H
ph

), 6.992 (s, 1H
ph

), 7.139 (d, 2H
ph

), 7.258 (d, 

1H
ph

). IR (KBr, cm
-1

) 3615 (νO-H), 3329 (νN-H), 2870-2957 (νC-H), 1606 (νC=C, aromatic), 1516 

(νC=C, aromatic), 1236 (νC-O-C), 1126 (νC-O-C). 

 

3.2.3 Syntheses of Metal Complexes  

Synthesis of complex [Ga
III

L
1
] (1). 

To an anhydrous methanol (15 mL) and anhydrous dichloromethane (5 mL) solution 

of [H3L
1
] (0.200 g, 0.250 mmol) and anhydrous NaOCH3 (0.041 g, 0.750 mmol), an 

anhydrous methanolic solution (5 mL) of GaCl3 (0.044 g, 0.250 mmol) was slowly added 

under inert conditions. The solution obtained was warmed at 50 °C for 30 minutes. After 

reaching the reaction mixture to ambient temperature, the mixture was stirred for one and 

half hours under an argon blanket. Then the solvent was removed under vacuum, and the 

product obtained was dissolved in anhydrous dichloromethane (20 mL). The solution was 

filtered through celite under inert conditions, and the solvent was completely removed under 

reduced pressure to yield a yellow precipitate of [Ga
III

L
1
]. Yield: 91.7%. Melting point = 

178-180 °C. ESI (m/z
+
) in CH3OH = 879.4958 for [C55H73N2O3Ga + H

+
] (calculated = 

879.4955) in agreement with 0.34 ppm difference. Anal. Calc. for [C55H73N2O3Ga]: C, 75.08; 

H, 8.36; N, 3.18%. Found: C, 74.72; H, 8.16; N, 3.29%. IR (KBr, cm
-1

) 3251 (νN-H), 2868-

2956 (νC-H), 1605 (νC=C, aromatic), 1515 (νC=C, aromatic). 
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Synthesis of complex [Ga
III

L
2
] (2). 

The complex was synthesized in a similar fashion as [Ga
III

L
1
]. The precipitate 

obtained was recrystallized from methanol and dichloromethane solvent mixture (1:2) to 

obtain yellow crystals of [Ga
III

L
2
]. [H3L

2
] (0.206 g, 0.250 mmol), anhydrous NaOCH3 

(0.041 g, 0.75 mmol), anhydrous GaCl3 (0.044 g, 0.250 mmol). Yield: 68.8%. Melting point 

= 287-288 °C. ESI (m/z
+
) in CH3OH = 889.4995 for [C53H75N2O5Ga + H

+
] (calculated = 

889.5010) in agreement with -1.69 ppm difference. Anal. Calc. for [C53H75N2O5Ga·H2O]: C, 

70.11; H, 8.55; N, 3.09%. Found: C, 69.81; H, 8.24; N, 3.11%. IR (KBr, cm
-1

) 3189 (νN-H), 

2866-2952 (νC-H), 1607 (νC=C, aromatic), 1515 (νC=C, aromatic), 1275 (νC-O-C). 

 

Synthesis of complex [Ga
III

L
3
] (3). 

The complex was synthesized in a similar fashion as [Ga
III

L
1
] to obtain yellow 

precipitate of [Ga
III

L
3
]. [H3L

3
] (0.546 g, 0.420 mmol), anhydrous NaOCH3 (0.068 g, 1.26 

mmol), anhydrous GaCl3 (0.074 g, 0.420 mmol). Yield: 86.2%. Melting point = 51-52 °C. 

ESI (m/z
+
) in CH2Cl2 = 1366.0287 for [C87H143N2O5Ga + H

+
] (calculated = 1366.0331) in 

agreement with -3.29 ppm difference. Anal. Calc. for [C87H143N2O5Ga]: C, 76.45; H, 10.55; 

N, 2.05%. Found: C, 76.11; H, 10.35; N, 2.13%. IR (KBr, cm
-1

) 3189 (νN-H), 2854-2955 (νC-

H), 1607 (νC=C, aromatic), 1514 (νC=C, aromatic), 1267 (νC-O-C). 

 

Synthesis of complex [Ga
III

L
4
] (4). 

The complex was synthesized in a similar fashion as [Ga
III

L
1
]. [H3L

4
] (0.301 g, 

0.330 mmol), anhydrous NaOCH3 (0.054 g, 0.990 mmol), anhydrous GaCl3 (0.058 g, 0.330 

mmol). Yield: 71.7%. Melting point = 177-179 °C. ESI (m/z
+
) in CH3OH = 977.5532 for 
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[C57H83N2O7Ga + H
+
] (calculated = 977.5534) in agreement with -0.2 ppm difference. Anal. 

Calc. for [C57H83N2O7Ga·2H2O]: C, 67.51; H, 8.65; N, 2.76%. Found: C, 67.19; H, 8.33; N, 

2.84%. IR (KBr, cm
-1

) 3189 (νN-H), 2869-2954 (νC-H), 1607 (νC=C, aromatic), 1514 (νC=C, 

aromatic), 1270 (νC-O-C), 1131 (νC-O-C). 

 

Synthesis of complex [Fe
III

L
1
] (5). 

A solution of [H3L
1
] (0.20 g, 0.25 mmol) and anhydrous NaOCH3 (0.04 g, 0.75 

mmol) in anhydrous methanol (15 mL) and anhydrous dichloromethane (5 mL) mixture was 

treated with an anhydrous methanolic solution (5 mL) of FeCl3 (0.04 g, 0.25 mmol) under 

inert conditions. The resulting solution was heated at 50 °C for 30 minutes. The reaction 

mixture was cooled to ambient temperature and stirred for one and half hours under inert 

conditions. Then the solvent was removed under vacuum, and the product obtained was 

dissolved in anhydrous dichloromethane (20 mL). The solution was filtered through celite 

under inert conditions, and the solvent was completely removed under reduced pressure to 

yield a dark red-brown precipitate. Yield: 91.1%. Melting point = 174-177 °C. ESI (m/z
+
) in 

CH3OH = 866.5053 (100%) for [C55H73N2O3Fe + H
+
] (calculated = 866.5050) in agreement 

with 0.34 ppm difference. Anal. Calc. for [C55H73N2O3Fe·H2O]: C, 74.72; H, 8.55; N, 3.17%. 

Found: C, 74.48; H, 8.29; N, 3.17%. IR (KBr, cm
-1

) 3203 (νN-H), 2866-2956 (νC-H), 1601 

(νC=C, aromatic), 1511 (νC=C, aromatic). 

 

Synthesis of complex [Fe
III

L
2
] (6). 

The complex was synthesized in a similar fashion as [Fe
III

L
1
]. The precipitate 

obtained was recrystallized from methanol and dichloromethane solvent mixture (1:2) to 
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obtain dark red-brown crystals of [Fe
III

L
2
]. [H3L

2
] (0.25 g, 0.30 mmol), anhydrous NaOCH3 

(0.05 g, 0.90 mmol), FeCl3 (0.05 g, 0.30 mmol). Yield: 72.3%. Melting point = 268-269 °C. 

ESI (m/z
+
) in CH3OH = 876.5089 (100%) for [C53H75N2O5Fe + H

+
] (calculated = 876.5105) 

in agreement with -1.82 ppm difference. Anal. Calc. for [C53H75N2O5Fe·2H2O]: C, 69.80; H, 

8.73; N, 3.07%. Found: C, 69.54; H, 8.19; N, 3.07%. IR (KBr, cm
-1

) 3204 (νN-H), 2867-2955 

(νC-H), 1606 (νC=C, aromatic), 1515 (νC=C, aromatic), 1272 (νC-O-C). 

 

Synthesis of complex [Fe
III

L
3
] (7). 

The complex was synthesized in a similar fashion as [Fe
III

L
1
] to attain deep brown 

precipitate of [Fe
III

L
3
]. [H3L

3
] (0.40 g, 0.31 mmol), anhydrous NaOCH3 (0.05 g, 0.93 

mmol), FeCl3 (0.05 g, 0.31 mmol). Yield: 87%. Melting point = 63-64 °C. ESI (m/z
+
) in 

CH2Cl2 = 1353.0470 for [C87H143N2O5Fe + H
+
] (calculated = 1353.0428) in agreement with 

3.1 ppm difference. Anal. Calc. for [C87H143N2O5Fe]: C, 77.24; H, 10.65; N, 2.07%. Found: 

C, 77.20; H, 10.49; N, 2.08%. IR (KBr, cm
-1

) 3206 (νN-H), 2854-2954 (νC-H), 1604 (νC=C, 

aromatic), 1509 (νC=C, aromatic), 1273 (νC-O-C). 

 

Synthesis of complex [Fe
III

L
1’

] (5’). 

A solution of [H3L
1
] (0.20 g, 0.25 mmol) and anhydrous NaOCH3 (0.04 g, 0.75 

mmol) in methanol (20 mL) and dichloromethane (5 mL) mixture was treated with an 

anhydrous methanolic solution (5 mL) of FeCl3 (0.04 g, 0.25 mmol) under ambient 

conditions. The resulting solution was heated at 50 °C for 30 minutes. Then the reaction 

mixture was cooled to ambient temperature, stirred for one hour at ambient temperature, and 

bubbled with dioxygen gas for 30 minutes. The solvent was removed completely by rotatory 
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evaporation, and the precipitate obtained was recrystallized from methanol and 

dichloromethane solvent mixture (1:2) to obtain dark red-brown crystals of [Fe
III

L
1’

]. Yield: 

86.7%. Melting point = 147-149 °C. ESI (m/z
+
) in CH3OH = 864.4898 for [C55H71N2O3Fe + 

H
+
] (calculated = 864.4892) in agreement with 0.7 ppm difference. Anal. Calc. for 

[C55H71N2O3Fe·CH3OH]: C, 75.06; H, 8.44; N, 3.13%. Found: C, 75.06; H, 8.44; N, 3.13%. 

IR (KBr, cm
-1

) 2867-2956 (νC-H), 1611 (νC=C, aromatic), 1505 (νC=C, aromatic), 1579 (νC=N). 

 

Synthesis of complex [Fe
III

L
2’

] (6’). 

The complex was synthesized in a similar fashion as [Fe
III

L
1’

] using methanol as the 

solvent. [H3L
2
] (0.25 g, 0.30 mmol), anhydrous NaOCH3 (0.05 g, 0.90 mmol), FeCl3 (0.05 g, 

0.30 mmol). Yield: 88.3%. Melting point = 162-165 °C. ESI (m/z
+
) in CH3OH = 874.4933 

for [C53H73N2O5Fe + H
+
] (calculated = 874.4949) in agreement with -1.83 ppm difference. 

Anal. Calc. for [C53H73N2O5Fe·0.5H2O]: C, 72.09; H, 8.45; N, 3.17%. Found: C, 72.22; H, 

8.09; N, 3.10%. IR (KBr, cm
-1

) 2866-2953 (νC-H), 1610 (νC=C, aromatic), 1511 (νC=C, 

aromatic), 1582 (νC=N), 1268 (νC-O-C). 
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3.3 Results and Discussion 

3.3.1 Ligand Rationale, Synthesis, and Characterization 

The incorporation of redox and film formation properties into molecules is important 

in addressing many issues related to molecule-based electronics. Therefore, the main goal of 

this project was to investigate molecules, which are highly asymmetric in nature and that can 

act as metallosurfactants for thin film formation. These redox-active metallosurfactants are 

intended to be used as potential candidates in molecular rectification. Therefore, molecules of 

interest should have intra electron acceptor and donor properties. To achieve these goals, 

novel molecules were designed and synthesized by incorporating trivalent metal ions into 

asymmetric phenolate-containing organic ligands. Distinct substituents have been attached to 

the ligand structure to modulate the film formation properties at the air/water interface. 

Design of these ligands are mainly focused on generating low symmetry metal complexes 

due to their ability to facilitate current rectification
14

 as well as formation of stable redox 

species upon oxidation and reduction.
15

 Complexes consisted of [N2O3]-type binding sites 

around metal ions to resemble the active site of the tyrosine hydroxylase enzyme and this 

phenolate rich environment of ligands help in stabilizing the metal complexes with trivalent 

iron or gallium. Previously, the Verani group has reported few complexes that resembled the 

head group of the designed ligands.
9,16

 These studies helped in understanding the geometry of 

metal center, sequence of radical generation, and their stability. Furthermore, film formation 

properties of these systems were incorporated by mimicking the ligand design by fine tuning 

the phenylenediamine moiety. In this study, substituents such as naphthalene, methoxy-, and 

alkoxy-containing phenylenediamine moieties were investigated. These ligands are capable 

of forming stable radical species due to the presence of tert-butyl groups at ortho and para 
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positions of phenolate moieties. Therefore, such modifications make these molecules 

excellent candidates in the molecular electronic field. 

 Tripodal ligands were obtained by following multistep synthetic routes. To form the 

desired metal complexes, naphthalene or modified diamine precursors were treated with 

stoichiometric or excess 2,4-di-tert-butyl-6-(chloro-methyl)phenol in the presence of 

triethylamine. Recrystallization methods and column chromatography (using n-hexanes and 

ethyl acetate solvent mixtures) were used to purify the products. Standard Schlenk and glove 

box techniques were used when synthesizing air-sensitive precursors. The isolated tripodal 

ligands were treated with one equivalent of anhydrous salts of M(III) chlorides, where M = 

Ga, Fe to isolate the subsequent metal complexes. Sodium methoxide was used as the base in 

these reactions. The ligands and resulted complexes were characterized by 
1
H-NMR; IR; 

UV-visible spectroscopic methods; high resolution ESI/APCI mass spectrometry; and CHN 

combustion analysis. The general synthetic pathway to obtain tripodal ligands and the 

respective metal complexes is shown in Scheme 3.2. 

Another factor that needed to be addressed was the amine and imine conversions of 

compounds and how these conversions affect the redox, amphiphilic, and electronic 

properties of metal complexes. Upon running reactions under aerobic or anaerobic 

conditions, the amine/imine conversions of the resulting compounds were affected. The 

amine version of complexes can be isolated under inert conditions and the imine version can 

be isolated under aerobic conditions, and will result in the C=N bond formation at the C—N 

bond of the amine nitrogen in the coordinated ligand. This process has also been observed by 

Lanznaster et. al.
15

 To carry out these studies, using [H3L
1
]-[H3L

4
] ligands, four new 

gallium(III) complexes and three new iron(III) complexes, 1-7, were synthesized. 
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Scheme 3.2. Synthesis of ligands and trivalent metal complexes. 

 

High resolution mass spectral data (positive ion mode) of metal complexes showed 

dominant peak clusters for their [M+H
+
] molecular ion peak (Figure 3.1). The difference 

between experimental and simulated data was found to be less than ±4 ppm. According to the 

observed data, peak positions and isotopic distribution patterns were well-approved with the 

simulated data (continuum) and also in good agreement with the calculated data. To gain a 

better understanding about the structural information such as functional groups of ligands and 

complexes, infrared (IR) spectroscopy was used. IR data showed prominent peaks for C—H 

stretching vibrations including symmetric and asymmetric modes at ~ 2800-3000 cm
-1

 for the 

ligands and their metal complexes. In ligands [H3L
1
]-[H3L

4
] the phenolic O—H stretching 

vibration was appeared as a sharp peak at ~ 3615 cm
-1

. The aromatic C=C stretching bands 

were observed at ~ 1610 cm
-1 

and 1515
 
cm

-1 
for all the compounds. The  N—H stretching 
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vibrations belonging to ligands appeared at ~ 3350 cm
-1

 and during metal complex formation 

it shifted to ~ 3200 cm
-1

. Some complexes showed the C—O—C alkyl aryl stretching 

vibration at ~ 1275 cm
-1

.
17,18

 

 

Figure 3.1. ESI (positive) peak clusters of [M+H
+
] for metal complexes 1-7. The relative 

abundance axis is not shown for clarity. 

 

3.3.2 Molecular Structures 

Partially solved crystal structures were attained for complexes 2 and 6 (Figure 3.2), 

and therefore bond lengths and bond angles of these structures are not discussed herein. 
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Nevertheless, we can depict some useful information about the coordination environment, 

structure, and the identity of the ligand using these structures. According to the observed 

data, the N1 has a single phenolate appended arm and the N2 has occupied two of these 

groups. Two nitrogen atoms and three phenolate moieties have been coordinated to the 

central metal atom in a pentacoordinated fashion as observed for other species with similar 

coordination environments.
9,16 

Attempts to grow crystals, suitable for X-ray analysis, of other 

metal complexes were unsuccessful. 

 

Figure 3.2. X-ray structure data for complexes 2 and 6. 

 

3.3.3 Electronic Spectral Properties 

UV-visible spectra of ligands [H3L
1
]-[H3L

4
], were measured in dichloromethane. The 

uncoordinated ligands showed two absorption maxima in the UV region of the spectra. 

Ligand [H3L
1
] showed absorptions at 277 nm (ε, ~ 26600 L•mol

-1
•cm

-1
)  and 341 nm (ε, ~ 

6300 L•mol
-1

•cm
-1

), and the other three ligands showed consistent data with one another 
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including an intense band at ~ 285 nm and a shoulder band at ~ 300 nm, respectively (Figure 

3.3 and Table 3.1). These bands can be attributed to be π → π* electronic transitions.
19

  

 

Figure 3.3. UV-visible spectra for ligands [H3L
1
]-[H3L

4
] in 1.0 × 10

-4
 mol•L

-1
 

dichloromethane solutions. 

Compound max(nm), ε (L•mol
-1
•cm

-1
) 

(CH2Cl2) 

[H3L
1
] 277 (26578), 341 (6330) 

[H3L
2
] 284 (10453), 303 (5721) 

[H3L
3
] 285 (12949), 302 (6407) 

[H3L
4
] 284 (11553), 302 (5642) 

Table 3.1. UV-visible spectroscopic data for ligands [H3L
1
]-[H3L

4
] in 1.0 × 10

-4
 mol•L

-1
 

dichloromethane solutions. 
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Gallium(III) complexes showed intense bands in the near-UV region, at ~290 nm. 

These spectra are presented in Figure 3.4a and Table 3.2 indicating their relevant max 

values. Complex 1 showed a higher molar absorptivity (ε of ~ 22250 L•mol
-1

•cm
-1

)
 
when 

compared to that of complexes 2-4 (ε value of ~13350 L•mol
-1

•cm
-1

) due to the presence of 

conjugated naphthalene moiety. These transitions can be attributed to ligand-based π → π* 

transitions. In gallium(III) complexes, the metal ion has filled d-orbitals. Therefore, 

gallium(III) complexes do not exhibit any ligand to metal charge transfer (LMCT) transitions 

in the UV-visible spectra.     

Iron(III) complexes showed remarkable features related to the presence of iron(III) 

metal, when compared to respective gallium(III) complexes. Iron(III) complexes, 5-7, 

showed consistent spectral features to one another. Obtained UV-visible spectra are shown in 

Figure 3.4b and the spectral data are given in Table 3.2. Iron(III) complexes, 5-7, showed 

three well-pronounced absorption bands in the respective UV-visible spectra. These 

complexes showed intense broad absorption bands in the visible region, at ~ 465 nm with ε 

ranging from ~ 5000 to 8000 L•mol
-1

•cm
-1

. These bands can be assigned as phenolate to 

iron(III) charge transfer transition
20

 originating from pπ orbital of the phenolate oxygens to 

dπ* of the metal center. Besides these bands, there were another two absorption bands present 

in the near-UV region. The band at ~ 325 nm with ε values ranging from ~ 9000 to 15000 

L•mol
-1

•cm
-1 

can be designated to another LMCT transition occurring from phenolate-based 

pπ orbitals to dσ* of the iron(III) metal center. The band appearing at ~ 285 nm can be 

attributed to be ligand-based π → π* electronic transitions. All the assignments are well-

matched with the electronic spectral assignments presented in the literature for similar 
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compounds.
16,21,22 

These assignments were further studied by spectroelectrochemical 

experiments and will be discussed in a later section. 

 

Figure 3.4. UV-visible spectra for (a) gallium(III) complexes, 1-4 and (b) iron(III) 

complexes 5-7 in 1.0 × 10
-4

 mol•L
-1

 dichloromethane solutions. 

 

Compound max (nm), ε (L•mol
-1
•cm

-1
) 

(1) 288 (22246), 342 (1407) 

(2) 289 (13824) 

(3) 288 (13442) 

(4) 288 (12779) 

(5) 285 (31580), 323 (15178), 465 (7981) 

(6) 286 (24680), 328 (13441), 461 (7711) 

(7) 286 (19104), 329 (9353), 463 (4788) 

Table 3.2. UV-visible spectroscopic data for complexes 1-7 in 1.0 × 10
-4

 mol•L
-1

 

dichloromethane solutions. 
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3.3.4 Redox Properties 

  The cyclic voltammetry experiments of all the ligands and metal complexes were 

measured in dichloromethane using TBAPF6 as the supporting electrolyte and the potential 

values were recorded versus the Fc
+
/Fc couple. The ligands [H3L

1
]-[H3L

4
] showed two 

redox processes and one ill-defined process. Ligand [H3L
1
] showed two quasi-reversible 

processes at ~ 0.46 V with a peak potential separation (ΔEp) of ~ 0.13 V and another at         

~ 0.84 V with a ΔEp of ~ 0.19 V. The other three ligands showed redox processes ~ 0.1 V and 

~ 0.5 V. These two processes can be assigned as phenolate/phenoxyl redox couples and there 

were no cathodic processes associated with any of the ligands. The cyclic voltammograms of 

the ligands and their potential values (E½ and ΔEp) are given in Figure 3.5 and Table 3.3, 

respectively. 

 E
½
, (ΔE

p
) 

(V) 

E
½
, (ΔE

p
) 

(V) 

[H3L
1
] 0.457 (0.127) 0.843 (0.188) 

[H3L
2
] 0.053 (0.11) 0.51 (0.247) 

[H3L
3
] 0.069 (0.12) 0.49 (0.238) 

[H3L
4
] 0.118 (0.112) 0.594 (0.16) 

 

Table 3.3. Cyclic voltammetry data for ligands [H3L
1
]-[H3L

4
]. 
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Figure 3.5. Cyclic voltammograms for ligands [H3L
1
]-[H3L

4
] in 1.0 × 10

-3
 mol·L

-1
 

dichloromethane solutions. 

 

The cyclic voltammograms of the gallium complexes 1-4 also showed fairly similar 

characteristics to that of the respective ligands. Obtained cyclic voltammograms and their E½ 

and ΔEp values are shown in Figure 3.6 and Table 3.4, respectively. The gallium(III) 

complexes showed consistent cyclic voltammograms with two anodic redox processes. There 

were no cathodic processes involved with the metal reduction. The reaction of gallium(III) 
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ions with [N2O3]-containing ligands, will result in stable neutral species with three phenolate 

moieties attached to the metal ion. The gallium(III) ion has filled d-orbitals and needs high 

energy (1480 kcal/mol) to break this stable configuration to form a gallium(IV) species. 

Therefore, gallium(III) ion behaves as an redox innocent metal. The first oxidative process 

for complex 1 was found to be at ~ 0.5 V (ΔEp = ~ 0.12 V) while complexes 2, 3, and 4 

showed the first anodic processes at ~ 0.47 (ΔEp = ~ 0.11 V), 0.46 (ΔEp = ~ 0.1 V), and 0.43 

V (ΔEp = ~ 0.17 V), respectively. The second anodic processes were found at ~ 0.86 V (ΔEp 

= ~0.21 V) for complex 1 and at ~ 0.81 V with ΔEp values of 0.19, 0.16, and 0.29 V for 

complexes 2-4, respectively. According to the observed ΔEp values, the first anodic process 

was quasi-reversible, and the second process was irreversible. The second anodic process 

found at ≥ 0.8 V can be assigned as a two electron process while the first anodic process is a 

one electron process. A similar behavior has been observed by other gallium(III) species 

under similar environments with 1:2 electron ratios.
9
 According to the literature, these redox 

processes can be assigned as ligand-based phenolate/phenoxyl redox couples.
9,23,24 

 

 E
½
, (ΔE) 

(V) 

E
½
, (ΔE) 

(V) 

(1) 0.503 (0.118) 0.863 (0.210) 

(2) 0.465 (0.108) 0.810 (0.186) 

(3) 0.457 (0.097) 0.813 (0.158) 

(4) 0.428 (0.173) 0.807 (0.291) 

Table 3.4.  Cyclic voltammetry data for gallium(III) complexes 1-4. 
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Figure 3.6. Cyclic voltammograms for gallium(III) complexes 1-4 in 1.0 × 10
-3

 mol·L
-1

 

dichloromethane solutions.  

 

Cyclic voltammetry measurements for iron(III) complexes are shown in Figure 3.7, 

and corresponding E½ and ΔEp values are tabulated in Table 3.5. The iron complexes showed 

one cathodic peak and three anodic peaks in their cyclic voltammograms. The quasi-

reversible single electron cathodic processes found at ~ -1.39, -1.41, and -1.46 V with ΔEp 

values of ~ 0.13, 0.15, and 0.11 V for complexes 5, 6, and 7 were allocated to be Fe
III

/Fe
II
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redox couple, respectively. The first single electron anodic processes found at ~ 0.5 V with 

ΔEp values of ~ 0.1 V for complexes, 5-7 can attributed to be ligand assisted, 

phenolate/phenoxyl redox couples. The second phenolate/phenoxyl redox couples were 

found at ~ 0.74 V with ΔEp of ~ 0.1 V and the third anodic processes were found at ~ 0.96 V 

with ΔEp of ~ 0.2 V for all the iron(III) complexes. In complexes 5-7, the first two ligand 

centered phenolate/ phenoxyl redox processes were found to be quasi-reversible while the 

third process was irreversible. When comparing the E½ values of complexes 5-7 with 

literature reported iron(III) complexes with similar coordination environments it shows a 

good agreement between them.
9,15,16

 

According to the literature, hexacoordinated iron(III) complexes with [N3O3]-type 

coordination environments exhibit the Fe
III

/Fe
II
 reduction redox couple at ~ -1.8 V.

19,20 

Nonetheless, iron(III) complexes that were discussed in this section hold a [N2O3]-type 

coordination environment around the Fe
III 

metal center and showed a potential value of ~ -1.4 

V. The discrepancy between these potential values can be correlated to pentacoordinated Fe
III

 

with three coordinated phenolates and hexacoordinated Fe
III

 with three coordinated 

phenolates. In the former case, it is easier to reduce when compared to the latter due to the 

lower electron density present around the metal center. This is another strong evidence to 

demonstrate the asymmetric pentacoordinate geometry around the metal center in complexes 

5-7. 

An important factor that needs to be addressed in redox responsive materials is the 

reversibility and the cyclability of the redox processes. According to the literature,   

consecutive oxidations and reductions can be used to write and read information.
25,26

  

Iron(III) complexes that were discussed in this chapter showed redox reversible properties. 
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After assessing the reversibility of redox processes, experiments were carried out to assess 

the cyclability of the redox processes (using iron(III) and gallium(III) complexes), by cycling 

the cathodic and first anodic processes for thirty to fifty times. These complexes showed 

insignificant amounts of decomposition during the course of experiments, and suggested that 

iron(III) and gallium(III) complexes form stable radical species during the electrochemical 

experiments with minor decompositions, making them suitable candidates for redox 

responsive material.   

 

Figure 3.7. Cyclic voltammograms for iron(III) complexes 5-7 in 1.0 × 10
-3

 mol·L
-1

 

dichloromethane solutions. 
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 E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

E½, (ΔEp) 

(V) 

(5) -1.394 (0.130) 

│0.48│ 

0.495 (0.116) 

│1.36│ 

0.756 (0.114) 0.960 (0.154) 

(6) -1.409 (0.146) 

│0.81│ 

0.514 (0.128) 

│1.83│ 

0.748 (0.124) 0.959 (0.138) 

(7) -1.455 (0.108) 

│0.64│ 

0.512 (0.106) 

│2.08│ 

0.712 (0.110) 0.964 (0.223) 

 

Table 3.5. Cyclic voltammetry data for iron(III) complexes 5-7. 

 

3.3.5 Spectroelectrochemical Properties 

Spectroelectrochemical experiments were conducted to distinguish the absorption 

bands associated with respective electronic transitions. Herein, oxidation and reduction 

processes of complex 6 were studied to observe the associated spectral changes. Results 

obtained during spectroelectrochemical experiments for complex 6 are shown in Figure 3.8. 

Experiments were performed in dichloromethane using fixed potential method under ambient 

conditions and TBAPF6 was used as the electrolyte. 

Upon applying the respective potential value for complex 6 (0.894 V vs. the Fc
+
/Fc), 

charge transfer bands appearing at ~ 460 nm due to the electronic transition from pπ 

(phenolate) to dπ* of the metal center reduced in intensity and new bands started to appear in 

the region of ~ 715 nm with an isosbestic point observed at 605 nm. During the oxidation 
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process, Fe
III

-phenolate will transform in to a Fe
III

-phenoxyl radical species and, because 

there are three phenolate groups, each of these transformations will occur at different applied 

potential values. During these transformations the LMCT band occurring from pπ (phenolate) 

to dπ* of the metal becomes weaker due to the lower charge density around the metal center. 

Concurrently, there could be charge transfer transition happening between the phenolate and 

phenoxyl moieties. In complex 6, the increase in intensities at ~ 715 nm could be due to the 

appearance of this new phenolate to phenoxyl charge transfer band.
27,28,29 

The reduction 

process of complex 6 (at -1.778 V vs. the Fc
+
/Fc) showed that the lower energy band 

appearing at ~ 460 nm, due to the electronic transition from pπ (phenolate) to dπ* of the 

iron(III) species, started to decrease in intensity. Also within this process, the absorption 

maxima showed a slight blue shift. The reason for the LMCT band to decrease in intensity is 

due to the reduction of Fe
III

 in to Fe
II
, making the ligand to metal charge transfer transitions 

unfeasible. 

 

Figure 3.8. Electronic spectral changes observed (a) during oxidation and (b) during 

reduction for complex 6 under fixed potential conditions. 
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3.3.6 Electron Paramagnetic Resonance Spectroscopy Data 

To acquire information regarding the oxidation state, spin state, and geometry of iron 

complexes, EPR measurements were carried out in dichloromethane solutions for complexes 

6 and 7 at 110 K. Liquid nitrogen was used as the coolant during the cause of experiments. 

The parent species of complexes, 6 and 7 showed prominent signals at g = 4.23 and g = 4.28, 

respectively, as shown in Figure 3.9. These data resembled high spin iron complexes in their 

+3 oxidation state with D much larger than 0.3 cm
-1

 and E approximately D/3. The data also 

suggested that their ligand fields are highly distorted with no higher symmetry elements have 

been observed. This analysis further supported the presence of pentacoordinate geometry 

around the metal centers. Similar results were observed for literature reported 

pentacoordinate high spin iron(III) complexes.
9,16 

 

Figure 3.9. X-band EPR spectra of 1.0 × 10
-3

 mol•L
-1

 frozen dichloromethane solutions for        

(a) complex 6 and (b) complex 7 at 110 K.  
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3.3.7 Isothermal Compression Data 

One of the main goals of this research was to design and synthesize redox active 

metal complexes, which can be deposited onto solid surfaces for device fabrication. 

Therefore, upon attaining the electrochemical properties, the film formation properties were 

assessed using Langmuir-Blodgett (LB) method. The LB method is used to deposit 

surfactant-like molecules. Therefore, hydrophilic and hydrophobic counterparts were 

incorporated during the design of molecules, to attain a good balance between the 

hydrophilic and hydrophobic characteristics to facilitate film formation properties.
30

 Film 

formation properties of gallium(III) complexes 1-4 and iron(III) complexes 5-7 were 

evaluated by recording their compression isotherms and the quality of Langmuir films at the 

air/water interface were observed with Brewster angle microscopy. The compression 

isotherms and the Brewster angle micrographs obtained for gallium(III) and iron(III) 

complexes are presented in Figure 3.10 and Figure 3.11, respectively. Important 

characteristics related to compression isotherms of metal complexes are given in Table 3.6. 

Ligands also presented good film formation ability at the air/water interface. However, 

previous studies exposed that ligands alone will not form homogeneous LB films due to 

disordered packing topologies.
31

 Therefore, the use of coordination compounds is important 

to form uniform LB films. Such metal coordinated systems are known as metallosurfactants. 

Complexes 1, 2, and 4-6 exhibited areas of interaction ~ 180 Å
2
 at the air/water interface 

while the complexes 3 and 7 showed the highest area of interaction as well as the highest 

critical area of < 250 Å
2
. Complexes 3 and 7 contained alkoxy chains with eighteen carbons 

at the fourth and fifth positions of the phenylenediamine moiety. The free rotation of these 

chains around the molecule and the repulsion forces between hydrophobic carbon chains may 
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lead to the observed higher area of interaction before the compression and for the critical area 

of complexes 3 and 7. Classical amphiphiles and surfactants contain long alkyl chains in their 

structure to obtain enhanced film formation properties. However, the alkoxy chain containing 

complexes (3 and 7) showed very poor performances at the air/water interface and behaved 

as hydrophobes. This behavior could be due to the presence of tert-butyl groups along with 

the alkoxy chains, which elevates the hydrophobic nature of the overall molecule. Complexes 

1, 2, and 4-6 displayed critical areas of 100, 114, 96, 123, and 121 Å
2
, respectively, and 

exhibited collapse pressures ~ 40-50 mN/m. In general, the metal complexes with methoxy 

and methoxyethoxy substituents exhibited better film formation ability at the air/water 

interface with higher collapse pressures when compared to other systems. This data indicate 

that the introduction of polar groups such as oxygen rich moieties to ligand structures help to 

balance the hydrophobic and hydrophilic characteristics of the overall molecule. 

According to Brewster angle micrographs, complexes 1, 2, and 4-6 formed 

homogeneous, well-ordered films at the air/water interface at the steepest region of their 

compression isotherms. The above mentioned complexes also showed a clear collapse in the 

BAM images, where it started to show a decrease in the slope of the isotherms. All of the 

gallium(III) and iron(III) complexes showed a constant pressure collapse mechanism 

irrespective of the structure of the molecule. The observed data exposed comparable critical 

areas of ~ 100 Å
2
 for gallium(III) complexes and ~ 120 Å

2 
for iron(III) complexes, 

respectively. Because these complexes have comparable head groups with tert-butyl rich 

metal coordinated moieties, we can expect them to demonstrate similar footprints during the 

ordering of the monolayer. The LB film formation data of complexes 1, 2, and 4-6, indicated 
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better film formation properties when compared to other metallosurfactants that were 

reported in the literature.
31

 

 

Figure 3.10. Isothermal compression data for (a) gallium(III) and (b) iron(III) complexes. 
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Figure 3.11. Brewster angle micrographs for (a) gallium(III) and (b) iron(III) complexes. 

 (1) (2) (3) (4) (5) (6) (7) 

Area of 

interaction (Å
2
) 

182 183 323 176 176 179 259 

Phase transition 

pressure (mN/m) 

12-20 17-23 - 26-32 7-13 22-28 - 

Collapse 

pressure (mN/m) 

42 50 4 45 42 50 2 

Critical area (Å
2
) 100 114 327 96 123 121 263 

 

Table 3.6. Isothermal compression properties for complexes 1-7. 

22 – 40 mN/m

Collapse

(1)

21 – 40 mN/m

Collapse

(5)

24 – 50 mN/m

Collapse
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(6)

28 – 50 mN/m

Collapse

1 – 2 mN/m

Collapse

(7)

1 – 3 mN/m

(3)

Collapse

34 – 44 mN/m

Collapse

(4)(a)
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3.3.8 Langmuir-Blodgett Film Characterization by UV-visible Spectroscopy  

Redox-active coordination complexes, which can be organized into ordered films, are 

of special interest in molecular electronic field.
32

 This section summarizes the UV-visible 

analysis of LB films of gallium(III) and iron(III) complexes. 

To carry out the dipping experiment, a suitable surface pressure was identified by 

studying the compression isotherm and then, the LB films were deposited onto thoroughly 

cleaned glass substrates using y-type dipping
30

 method (glass is a hydrophilic substrate). 

Complexes 2, 5, and 6 were considered for thin film characterization studies, since they 

showed good amphiphilic properties at the air/water interface. Fifty depositions were carried 

out for each of these complexes and they showed an average transfer ratio (TR) of close to 

unity. Complexes 2, 5, and 6 were deposited at surface pressures of 30, 21, and 30 mN/m, 

respectively. These multilayer films were held together by weak interactions such as the van 

der Waals forces. Complex 2 deposited on glass showed a yellow color while complexes 5 

and 6 deposited on glass showed a strong red-brown color. UV-visible spectra of multilayer 

LB films were recorded and are shown in Figure 3.12 in against their solution spectra.  

Furthermore, Table 3.7 gives λmax values, respectively. UV-visible spectroscopy of thin films 

gives information regarding the possible chromophore arrangements
33

 that occurs during film 

ordering. Solid state UV-visible spectroscopy also gives information related to possible phase 

transitions, such as from liquid expanded state to a liquid crystalline state,
34

 and molecular 

composition.  

  Observed UV-visible spectral data of complexes 2, 5, and 6, LB film spectra did not 

exactly correlated with their solution spectra. They displayed different features > 300 nm 

with some similar features at lower wavelengths. According to the previous studies that were 
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carried out in our laboratory,
15 

these changes indicated a possible imine conversion that 

occurs at the air/water interface for amine-based structures. Complex 2 showed the 

appearance of two new absorption maxima at 352 and 458 nm. Complexes 5 and 6 also 

showed the appearance of new bands at ~ 415 and 401 nm, respectively. These data indicate 

that amine complexes at the air/water interface undergo an oxidation at the amine nitogen of 

the tripodal ligand to form an azomethine moiety. Therefore, the bands observed in the 

visible region at ~ 350-600 nm correspond to a collection of charge transitions including 

intra-ligand charge transitions (originating from phenolate pπ → pπ* of the azomethine 

moiety) and MLCT transitions (originating from phenolate pπ → dπ* of the iron(III) center). 

To investigate this phenomenon further, corresponding imine versions of iron(III) 

complexes, (5’ and 6’) were synthesized, isolated, and characterized (Scheme 3.3). Another 

experiment was also conducted by measuring the UV-visible spectra of complex 6 in 9:1 

methanol/water solution at ambient conditions overtime. These experiments were assisted in 

identifying the spectral changes related to formation of imine-based complexes. 
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Figure 3.12. UV-visible spectra of multilayer LB films for (a) complex 2, (b) complex 5, and 

(c) complex 6 in comparison with 1.0 × 10
-5

 mol•L
-1

 dichloromethane solutions of respective 

metal complexes. 

Compound λmax, nm 

(2) 288, 352, 458 

(5) 285, 333, ~ 415, ~ 465 

(6) 284, 327, 401, ~ 440 

Table 3.7. UV-visible spectroscopic data for multilayer LB films of complexes 2, 5, and 6. 
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3.3.9 Study the Formation of Imine-based Complexes 

The isolated imine form of iron(III) complexes are shown in Scheme 3.3. Complexes 

5’ and 6’ were isolated and characterized using infrared spectroscopy, elemental analysis, 

and high resolution electrospray ionization mass spectrometry. In IR spectroscopy The N—H 

stretching vibrations of these complexes appeared around ~ 3200 cm
-1

.  These vibrations 

completely disappeared during the formation of imine-based complexes (5’ and 6’) and new 

bands have been appeared at ~ 1580 cm
-1

. 
 
The appearance of this new band can be assigned 

to be C=N bond stretching vibration in the imine complexes.
17 

 

Scheme 3.3. The iron(III) imine complexes 5’ and 6’. 

 

Complex 5’ afforded dark brown crystals upon recrystallization in methanol and 

dichloromethane (1:2) solvent mixture at ambient conditions.  Selected crystallographic data 

of complex 5’ are given in Table 3.8, Table 3.9 and X-ray structural data is shown in Figure 

3.13. In the complex 5’, three phenolate oxygen atoms, the imine N1, and the amine N2 

nitrogen atoms have been coordinated to the iron(III) center in a pentacoordinate fashion, 

forming a neutral species. Bond lengths of complex 5’ showed N1-C7 bond distance of 1.309 

Å, while the N2-C25 and N2-C18 showed 1.503 Å and 1.493 Å, respectively. These data 
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clearly indicated that the N1-C7 bond has a double bond character while N2-C25 and N2-

C18 bonds carry a single bond character.  

The calculated  value for complex 5’ was found to be 0.686 and it depicts distorted 

trigonal bipyramidal geometry around the metal ion. According to the X-ray structure data of 

complex 5’, the O2 and O3 phenolate oxygens were axially coordinated to the central atom 

while N1, N2, and O1 atoms were in the same plane as iron, and were coordinated to the 

central atom forming a distorted trigonal bipyramidal geometry as shown in Figure 3.13. 

 

Figure 3.13. X-ray structure data for complex 5’. 

[FeIIIL1’],   (5’)
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 (5’) 

Formula 

M 

Space group 

a / Å 

b/ Å 

c/ Å 

α/ 
o
 

β/ 
o
 

γ/ 
o
 

V/ Å
3
 

Z 

T/ K 

λ/ Å 

Dcalc/ g cm
-3

 

µ/ mm
-1

 

R(F)
 
(%) 

Rw(F) (%) 

C55H71FeN2O3 

863.99 

P(-1) 

15.8704(5) 

16.2473(4) 

21.0057(6) 

84.049(1) 

71.559(1) 

75.613(1) 

4975.2(2) 

4 

100(2) 

0.71073 

1.153 

0.346 

4.93 

10.08 

 

a
R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│; Rw(F) = [∑w(Fo

2
 – Fc

2
)
2 
/ ∑w(Fo

2
)
2
]
1/2 

for I > 2σ(I) 

Table 3.8.  Important crystal structure parameters
a
 for complex 5’. 
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 (5’) 

Fe-O1 1. 9107 (14) 

Fe-O2 1. 8611 (14) 

Fe-O3 1. 8664 (14) 

Fe-N1 2.0746(17) 

Fe-N2 2.2591(16) 

N1-C7 1.309(3) 

N2-C25 1.503(3) 

N2-C18 1.493 (3) 

O1-Fe-O2 102.56(6) 

O1-Fe-O3 96.73(6) 

O2-Fe-O3 115.66(6) 

O1-Fe-N2 163.06(6) 

O3-Fe-N2 88.77(6) 

O2-Fe-N2 89.30(6) 

O1-Fe-N1 86.81(6) 

O3-Fe-N1 119.95(7) 

O2-Fe-N1 121. 88 (7) 

N2-Fe-N1 76.60(6) 

 

Table 3.9. Selected bond lengths (Å) and angles (°) for complex 5’. 

 

 



www.manaraa.com

113 

 

 
 

3.3.10 Electronic, Redox, and Isothermal Compression Data of Imine-based Complexes 

The UV-visible spectra of imine-based complexes 5’ and 6’ are shown in Figure 

3.14a and corresponding data are given in Table 3.10. The bands appeared in the region of  ~ 

375 nm to ~ 650 nm were involved with a collection of intra-ligand charge transfer (ILCT) 

and ligand to metal charge transfer (LMCT) bands and this remains same for iron(III) imine 

complexes. There were two shoulder bands appearing at ~ 400 nm and ~ 450 nm. The band 

in the visible region at ~ 450 nm in complexes 5’ and 6’, can be assigned as the charge 

transition from phenolate pπ to dπ* of the iron(III) center. The band at ~ 400 nm can be 

assigned as ILCT associated with the phenolate pπ to pπ* of the azomethine moiety. These 

assignments were further studied with the aid of spectroelectrochemical experiments and will 

be discussed in a later section. The band in the near-UV region at ~ 325 nm can be assigned 

as charge transfer from phenolate pπ to dσ* of the iron(III) metal. The absorption maxima 

found at ~ 285 nm was related to the π → π* electronic transitions.
16,35 

 

The cyclic voltammograms obtained for complexes 5’ and 6’ are given in Figure 

3.14b and the E½, ΔEp, and │Ipa/Ipc│ values are shown in Table 3.11. Complexes 5’ and 6’ 

showed a quasi-reversible single electron cathodic process at ~ -1.45 V and can be assigned 

as a Fe
III

/Fe
II
 redox couple. The first and the second single electron quasi-reversible anodic 

processes found at ~ 0.52 V and at ~ 0.7 V with ΔEp of ~ 0.1 V can be attributed to be ligand 

assisted phenolate/phenoxyl redox couples. In complexes 5’ and 6’ the third anodic processes 

were found to be ill-defined.  



www.manaraa.com

114 

 

 
 

 

Figure 3.14. (a) UV-visible spectra of 1.0 × 10
-4

 mol•L
-1

 dichloromethane solutions and (b) 

cyclic voltammograms of 1.0 × 10
-3

 mol•L
-1

 solutions for complexes 5’ and 6’. 

 

Compound λmax
 
(nm), ε (L•mol

-1
•cm

-1
) 

(CH2Cl2) 

(5’) 286 (30583), 321 (19479), ~ 399 (9732), ~ 448 (8811) 

(6’) 285 (18061), 329 (16476), ~ 398 (8294), ~ 440 (7010) 

 

Table 3.10. UV-visible spectroscopic data for iron(III) complexes 5’ and 6’ in 1.0 × 10
-4

 

mol•L
-1

 dichloromethane solutions. 
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Compound E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

(5’) -1.457 

(0.110) 

│0.88│ 

0.524 

(0.088) 

│1.47│ 

0.716 

(0.121) 

(6’) -1.443 

(0.092) 

│0.75│ 

0.524 

(0.110) 

│2.08│ 

0.744 

(0.085) 

 

Table 3.11. Cyclic voltammetry data for iron(III) complexes 5’ and 6’. 

 

Spectroelectrochemical studies of complex 5’ helped to understand the features 

associated with the C=N, azomethine moiety. Upon applying the respective potential of 

0.898 V vs. Fc
+
/Fc for complexes 5’, the charge transfer band, which appeared in the region 

of ~ 400-600 nm started to decrease in intensity. Simultaneously, the region at ~ 720 nm 

started to increase in intensity with an isosbestic point observed at 622 nm (Figure 3.15a). 

This observation can be explained as follows. During the oxidation, the Fe
III

-phenolate 

converts in to a Fe
III

-phenoxyl species, and this radical generation happens at different 

applied potentials. Therefore, during the oxidation process transitions associated with 

phenolate to phenoxyl charge transfer transitions begin to increase in intensity around the 

region of ~ 650-900 nm.
27,16 

During the reduction process (at -1.782 V vs. Fc
+
/Fc) the bands 

appeared in the region of ~ 480-660 nm decreased in intensity. Also a new well-defined band 
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started to appear in the visible region at 436 nm (Figure 3.15b). During the reduction process 

of Fe
III

 to Fe
II
, LMCT charge transfer transitions occurred between phenolate oxygens and 

Fe
III

 moiety become weak, which leads into decrease in intensity. Concurrently, the 

intraligand charge transitions that are allowed will start to increase in intensity. This suggests 

that the new band appeared at 436 nm in the spectrum is associated with charge transfer 

transitions taking place between pπ phenolate oxygen and pπ* of C=N, azomethine moiety. 

Similar observations were made for complex 6’. 

 

Figure 3.15. Electronic spectral changes observed for complex 5’ (a) during oxidation and 

(b) during reduction under fixed potential conditions. 

 

The isolated iron(III) imine complexes 5’ and 6’ also showed film formation 

properties with collapse pressures ~ 40 mN/m. The area of interaction of complexes 5’ and 6’  

were found to be 126 and 142 Å
2
 while the critical areas were 83 and 112 Å

2
. These 

complexes also showed a constant pressure collapse mechanism. BAM images displayed 

smooth film formation in regions of 16-40 and 23-38 mN/m, respectively with clear 
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collapses. The observed compression isotherms, BAM images, and the compression isotherm 

properties of complexes 5’ and 6’ are shown in Figure 3.16 and Table 3.12, respectively. 

 

 

Figure 3.16. Compression isotherms and Brewster angle micrographs for iron(III) complexes 

5’ and 6’. 
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Isothermal Properties (5’) (6’) 

Area of interaction (Å
2
) 126 142 

Phase transition pressure (mN/m) 8-12 19-24 

Collapse pressure (mN/m) 41 40 

Critical area (Å
2
) 83 112 

Table 3.12. Compression isothermal properties for iron(III) complexes 5’ and 6’. 

 

3.3.11 UV-visible Spectroscopy Data of Iron(III) Imine Complexes 

After the deposition of LB multilayers of complexes 5’ and 6’ on glass substrates, 

their UV-visible spectra were recorded. Fifty depositions were carried out for complexes 5’ 

and 6’ at surface pressures of 25 and 28 mN/m, respectively. UV-visible spectra of LB films 

of complexes 5’ and 6’ showed a good correlation with their solution spectra (Figure 3.17a 

and Figure 3.17b). This data strongly suggest that iron(III) imine complexes remain intact at 

the air/water interface. Also the UV-visible spectra obtained for LB films of complexes 5 and 

6 are in good correlation with UV-visible spectra of complexes 5’ and 6’. Therefore, these 

data further support that amine complexes undergo an oxidation at the amine nitrogen of the 

tripodal ligand to form an azomethine moiety at the air/water interface. According to the 

literature, shifting of absorption bands in the LB film spectra with respect to their solution 

spectra indicate possible chromophore aggregations.
36,37,38

 A bathochromic effect or a red 

shift of bands indicates an antiparallel arrangement of chromophores (J-type aggregates) and 

a hypsochromic effect or a blue shift indicates a parallel chromophore arrangement (H-type 

aggregates).
34 

UV-visible spectra obtained for LB films of complexes 5’ and 6’ showed a red 
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shift of bands, and therefore, suggested the formation of J-type aggregates or an antiparallel 

arrangement of chromophores within the film. An experiment carried out with 

methanol:water (9:1) mixture clearly demonstrated the formation of an imine complex over 

time by shifting the band at ~ 465 nm to lower wavelength and by the appearance of new 

band at ~ 400 nm (Figure 3.17c). This data further indicated that the imine form complexes 

are stable at the air/water interface. 

 

Figure 3.17. UV-visible spectra of LB films for (a) complex 5’ and (b) complex 6’ in 

comparison with 1.0 × 10
-5

 mol•L
-1

 dichloromethane solutions of the respective metal 

complexes. (c) The amine to imine conversion of complex 6 as detected by UV-visible 

spectroscopy. 
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3.3.12 Infrared Reflection Absorption Spectroscopy (IRRAS) 

The multilayer deposited LB films were characterized using IRRA spectroscopy and 

this is similar to IR spectroscopy. This technique helps to infer information related to 

functional groups present in the compound after deposited onto solid substrates. Very 

importantly, IRRAS provides data associated with packing topologies and defects of 

organized assemblies, such as LB films.
39,40

 

IRRA spectra of complexes 2, 5, 6, and the isolated imine form of complexes 5’ and 

6’ were recorded by varying the angle of incidence from 30 to 60° under both s- and p-

polarized light. In most cases, the C-H symmetric and anti-symmetric stretching vibrations 

were easy to observed, whereas difficulties were encountered to observe a good finger print 

region due to moisture bands.  IRRA spectra with most characteristics were observed at 30° 

(for complexes 2, 6, and 5’) and at 40° (for complexes 5 and 6’) under p-polarized light. 

IRRA spectra obtained for complexes 2, 5, 6, 5’, and 6’ are shown in Figure 3.18. The 

expanded views of the finger print region, starting from 1300 to 1800 cm
-1

 for complexes 2, 

6, and 6’, in comparison to their bulk infrared spectra are shown in Figure 3.19. The IRRA 

spectra of above mentioned complexes showed symmetric and asymmetric stretching 

vibrations in the region of ~ 2860-2965 cm
-1

. Another important feature is that the complexes 

5, 6, 5’, and 6’ showed prominent peaks at ~ 1573, 1583, 1575, and 1583 cm
-1

, respectively 

in the finger print region of their IRRA spectra. In complexes 5 and 6, bands appearing at     

~ 1573 and 1583 cm
-1

 can be assigned as a C=N stretching vibration, because they are in 

good agreement with the isolated imine complexes 5’ and 6’ (C=N stretching vibrations at 

1575 and 1583 cm
-1

). These IRRAS data further suggested the amine to imine conversions of 

complexes 2, 5, and 6 occurred at the air/water interface. Apart from C=N vibration bands, 
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aromatic C=C stretching and CHn deformation bands appeared in the finger print region of 

their IRRA spectra. Slight shifts of symmetric and asymmetric C-H stretching vibrations with 

prominent asymmetric methyl stretching vibrations were observed for LB films when 

compared to bulk IR spectra. The IRRA spectra of complexes also showed an inversion of 

peaks within the same spectra. According to the literature, these features suggest the 

formation of anisotropic films with high molecular order.
38,39,41,42,43

 

Static contact angels measured for the monolayers of complexes 5’ and 6’ on glass (at 

30 mN/m for 5’ and at 28 mN/m for 6’), showed values of 92.93° ± 1.22° and 76.82° ± 2.38°, 

respectively with comparison to a value of 7.45° ± 0.42° for bare glass. This data suggests 

that complex 5’ is more hydrophobic than 6’. The contact angel and IRRAS data indicate 

that, tert-butyl rich metal coordinated moieties point outward in the direction of air/solid 

interface during the film deposition. The following assumption can be made, because glass, 

mica, quartz, and gold surfaces are hydrophilic in nature. During the first up stroke 

deposition, hydrophilic counterparts of the molecules will attach to the substrate and 

therefore, the hydrophobic counterparts will be at the air/solid interface making the surface 

more hydrophobic in nature. During the film deposition, LB layers will be held together by 

weak interactions, such as van der Waals forces. 
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Figure 3.18. IRRA spectra for (a) complex 2, (b) complex 5, (c) complex 6, (d) complex 5’, 

and (e) complex 6’ in comparison with their bulk infrared spectra. 
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Figure 3.19. The region between 1300 and 1800 cm
-1

 for (a) complex 2, (b) complex 6, and 

(c) complex 6’ in comparison with their bulk infrared spectra. 
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3.3.13 Surface Characterization using AFM 

Complexes 5’ and 6’ were used to carry out further surface analysis using AFM 

because they afforded stable thin films at the air/water interface. AFM was used to 

investigate the morphology of the monolayer films of complexes 5’ and 6’ on mica surfaces. 

AFM height images of the monolayers of complexes 5’ and 6’ at different surface pressures 

are shown in Figure 3.20. Monolayer films deposited at low surface pressures for complexes 

5’ and 6’ showed defects, such as areas covered with pinholes and few aggregated particles, 

as shown in Figure 3.20a, b, f, and g. LB films of complexes 5’ and 6’ exhibited lesser 

defects at increased surface pressures of 27 and 23 mN/m, and showed a closely packed 

structure at 30 and 28 mN/m, respectively. In complexes 5’ and 6’, at 36 and 37 mN/m, 

respectively the films became rougher, and excess material has started to deposit on the 

surface of the monolayer. Therefore, 28 mN/m
 
was selected to carry out further experiments, 

such as roughness and thickness measurements, for complex 6’ where a uniform monolayer 

was observed.    
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Figure 3.20. AFM height images of monolayer films deposited on mica substrates at 

different surface pressures for complex 5’ (a)-(e) and complex 6’ (f)-(j). The scan size was 5 

μm and the Z range was 5 nm for all images. 
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The surface roughness measurements of mono and multilayers were estimated using 

AFM, where they were deposited onto mica. The height images and the corresponding 3D 

surface plots ranging from 1 to 15 layers are shown in Figure 3.21 for complex 6’. As the 

layer number increases, the surface roughness also started to increase exponentially and the 

film surface became rougher due to additional particle aggregation. 

 

Figure 3.21. Surface roughness measurements of 1-15 LB layers for complex 6’ deposited 

on mica substrates. AFM height images (top) and 3D surface plots (bottom). 1 layer (a, b); 5 

layers (c, d); 11 layers (e, f), the scan size is 5 μm  and the Z range is 10 nm for the images; 

15 layers (g, h), the scan size is 5 μm  and the Z range is 20 nm for the images. 

 

Film thicknesses of 1-15 layers deposited onto quartz substrates were examined by 

intentional scratching of the film with a sharp blade, followed by measuring the depth of the 

scratch. The AFM height image (2D), 3D surface plot, corresponding sectional analysis 

along the black solid line indicated in the 3D image, and the plot between number of layers 

and layer thickness for complexes 6’ is shown in Figure 3.22. Film thickness was indicated 

by the height differences between the red arrows as shown in Figure 3.22c. According to 
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these data, the experimental monolayer thickness of complexes 6’ was found to be 1.6 ± 0.2 

nm. The plot between the number of layers vs. layer thickness (Figure 3.22d) afforded a 

linear relationship indicating a homogeneous film deposition. The theoretical film thickness 

obtained from the above plot was found to be 1.3 nm. Crystal structure data of similar 

compounds, showed an approximate length of 12-13 Å for a molecule.
9,16

 AFM thickness 

measurements suggested the formation of a true monolayer at air/water and air/solid 

interfaces, because there was a good agreement between the experimental and theoretical 

data of LB film thickness. A summary of the film roughness and thickness measurements are 

tabulated in Table 3.13. 

 

Number of 

Layers 

Surface Roughness 

(nm) 

Thickness of the Film 

(nm) 

1 0.5 ± 0.2 1.6 ± 0.2 

5 1.1 ± 0.2 7.9 ± 0.6 

11 1.3 ± 0.3 12.6 ± 0.9 

15 3.5 ± 0.4 18.0 ± 1.1 

 

Table 3.13. Film roughness and thickness data of 1-15 LB layers for complex 6’. 
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Figure 3.22. AFM height images and sectional analysis for complex 6’ (15 layers) on quartz. 

(a) 2D view, (b) 3D view, (c) sectional analysis along the black solid line, and (d) plot 

between the thicknesses (nm) vs. number of layers from 1 to 15 layers. 

 

3.4 Conclusions 

In conclusion, these results presented the synthesis and characterization of four new 

pentadentate ligands and their asymmetric gallium(III) and iron(III) complexes. Furthermore, 

the presence of different substituents on the phenylenediamine moiety, as well as the amine 

to imine conversion of gallium(III) and iron(III) complexes at the air/water interface, 

addressed the modulation of electronic, redox, and film formation properties. These metal 

complexes showed highly distorted pentacoordinate geometries around the trivalent metal 
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ions. The asymmetrical geometry and the presence of tert-butyl groups on phenylenediamine 

moiety facilitated the radical generation, and helped to modify the electron donor and 

acceptor properties of the resulting complexes. The redox properties suggested that the 

phenolates can act as donor moieties when coordinated to trivalent metal ions. The metal 

complexes presented well-behaved surfactant properties at the air/water interface and the 

Langmuir films were successfully transferred onto solid substrates. These LB films were 

characterized by UV-visible, IRRA spectroscopic methods, static contact angle 

measurements, and AFM analysis. Finally, the experiments that were carried out in assessing 

the properties of complexes 1-7 proposed successful results in obtaining possible electron 

donor and acceptor counterparts within the same molecule. The possibility of having electron 

donor and acceptor moieties along with the surfactant properties, make these molecules 

excellent candidates for device fabrication and to test them as current rectifiers. 
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CHAPTER 4 

ASSESSMENT OF THE PROPERTIES OF NITRO-SUBSTITUTED IRON(III) 

COMPLEXES WITH [N2O3] AND [N2O2] ENVIRONMENTS 

4.1 Introduction 

There is a growing interest of using coordination metal complexes in the modern 

molecular-based electronic field. Recent examples include the use of cobalt(II)-terpyridine 

and divanadium complexes as potential single molecule transistors,
1,2

 ruthenium(II) 

coordinated to a conjugated bipyridine system to demonstrate current rectifying properties,
3
 

metal containing porphyrin systems as single molecule diodes,
4
 azo-containing rhodium(III) 

complexes for random-access memory (RAM) and read-only memory (ROM) applications in 

potential memory devices,
5
 and metal complexes with photoelectrochemical photocurrent 

switching properties (eg. iron(II)-cyano and ruthenium-containing polypyridine complexes 

on titanium dioxide) as optoelectronic logic devices.
6,7

 Our laboratory has recently 

demonstrated the feasibility of using redox active iron(III) complexes with [N2O3] binding 

moieties for current rectification.
8
 The rectification behavior can be identified by an 

asymmetric, unidirectional flow of electric current, and rectification can involve three 

different mechanisms, namely Schottky, unimolecular, and asymmetric mechanisms.
9
 The 

Schottky mechanism usually involves electrodes with different work functions, and 

unimolecular and asymmetric mechanisms involve the frontier molecular orbitals of the 

involved system with accessible Fermi energy levels of the electrodes.  

Although it is not obvious at this point, what mechanism drives rectification in 

[Fe(III)-N2O3] complex,
8
 some variables seem necessary to attain molecular rectification. 
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The most important characteristics are as follows: (i) the species of interest should be 

electrochemically active with distinguished donor-acceptor [D-A] moieties,
10

 (ii) the 

energetic synchronicity between donor/acceptor and electrodes with proper HOMO-LUMO 

energy gap, and (iii) the ability to deposit onto solid surfaces to establish contact with metal 

electrodes.
11

 The introduction of the electrochemical properties can be done by introducing 

redox non-innocent ligands and metal ions. One of the most stable redox active species with 

organic-inorganic combination is the phenolate systems when coordinated to iron(III) metal 

ions. In these systems, the iron(III) center shows distorted hexa or pentacoordinate 

geometries. This duet is commonly found in nature
12

 as well as synthetically, and shows 

exceptional electron transfer properties.
13

 Also, the electrochemical properties of metal 

complexes can be altered by the introduction of different substituents to the backbone of the 

ligand structure. A hypothesis made during the investigation of properties of nitro-substituted 

iron(III) complexes was the nature of substituents on phenylenediamine moiety would allow 

for modulation of energies of HOMO and LUMO. Strongly electron-withdrawing nitro 

substituents (—NO2) are electro-active by themselves, and the introduction of such moieties 

can enhance the electrochemical properties of the overall system. Also, to introduce pure 

unimolecular rectifiers, precursors of interest should show low HOMO-LUMO energy gaps 

with accessible energies when compared to metal Fermi levels.  

The mode of attachment of molecules onto metal electrodes is also important in 

having a good electrical conductivity between the molecule and the electrode. The deposition 

of molecules onto metal electrode surfaces can be achieved via chemisorption or 

physisorption. A common chemisorption method is the self-assembly of molecules onto 

substrate surfaces.
14

 In self-assembled monolayers (SAM) covalent bonds are formed 
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between molecules and the electrode.
15

 In self-assembly, a monolayer is easy to deposit with 

maximum surface coverage, but the main limitation is that during multilayer formation, 

SAMs tend to show low surface coverage with defects.
16

 The self-assembly method is known 

to form dissimilar contacts with the two metal|molecule junctions. In one end, the molecule is 

chemically bound to the metal surface, and on the other end, the molecule is bound via 

physisorption. Therefore, the formation of different interfacial dipole moments (Schottky 

barriers)
17

 at the two metal|molecule junctions is inevitable. Physisorption methods, such as 

the Langmuir-Blodgett (LB) method,
18

 which can form highly oriented films, are 

advantageous in overcoming Schottky barriers. Devices which are fabricated using LB films, 

show weak van der Waal’s interactions on both ends of metal|molecule junctions. In the LB 

method, molecules of interest should behave as surfactants to form uniform films at the 

air/water interface. In this chapter, two new nitro substituted iron(III) complexes with 

[N2O3], (1) and [N2O2], (2) environments were studied, interrogating their electronic, redox, 

and surface properties by means of a concerted experimental and theoretical approach. A 

representative view of the metal complexes is shown in Scheme 4.1. In these systems, the 

coordination environment and substituent effect can also influence redox and surface 

properties, which are important for device fabrication.  



www.manaraa.com

137 
 

 

Scheme 4.1. Ligands and their respective iron(III) complexes.  
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4.2 Experimental Section 

4.2.1 X-ray Structural Determinations for complexes 1 and 2 

Structures were solved by direct methods using the SHELXS-97 program in APEX II 

suite and refined by least squares method on F
2
, SHELXL-97. A red hexagonal crystal of 

[Fe
III

L
trisPhO-NO2I

], (1) with dimensions 0.37 × 0.25 × 0.23 mm was mounted on a nylon loop, 

and data were collected using a Bruker CCD (charge coupled device) based diffractometer 

equipped with an Oxford Cryostream low-temperature apparatus operating at 173 K.  Data 

were measured using omega and phi scans of 0.5° per frame for 30 s. A total of 149130 

reflections were collected with 18732 unique reflections. Two independent molecules along 

with one methanol and one water molecule were present in the unit cell. A dark brown-green 

crystals of [Fe
III

L
bisPhO-NO2

], (2) with dimensions of 0.908 × 0.691 × 0.422 mm was mounted 

on a mitogen loop using paratone oil. Data were collected on a Bruker APEX-II Kappa 

geometry diffractometer with Mo radiation and a graphite monochromato using a Bruker 

CCD based diffractometer equipped with an Oxford Cryostream low-temperature apparatus 

at 100 K. A total of 167698 reflections were collected with 56127 unique reflections. Four 

independent molecules were present in the asymmetric unit cell.  All non-hydrogen atoms are 

refined anisotropically. Hydrogens were calculated by geometrical methods and refined as a 

riding model. 

4.2.2 Syntheses of Ligands 

2,4-di-tert-butyl-6-(hydroxymethyl)phenol,
19

 2,4-di-tert-butyl-6-(chloromethyl) 

phenol,
20

 and 4,5-dinitrobenzene-1,2-diamine
21

 were synthesized according to known 

procedures. 
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Synthesis of ligand [H3L
trisPhO-NO2

], 6,6'-(2-(3,5-di-tert-butyl-2-hydroxybenzylamino)-4,5-

dinitrophenylazanediyl)bis (methylene)bis(2,4-di-tert-butylphenol).  

A mixture of 2,4-di-tert-butyl-6-(chloromethyl)phenol (6.12 g, 24.0 mmol) and 

triethylamine (2.43 g, 24.0 mmol) in dichloromethane (150 mL), was treated with a solution 

of 4,5-dinitrobenzene-1,2-diamine (1.19 g, 6.00 mmol). The resulting solution was heated at 

reflux for 72 hours. Then the mixture was extracted with brine solution (3 × 200 mL) and 

dried over anhydrous Na2SO4. The solvent was removed by rotatory evaporation, and the 

resulting crude product was purified by column chromatography (6:1 n-hexanes/ethyl 

acetate), yielding a yellow solid product. Yield: 22.7%. ESI (m/z
+
) in CH3OH = 859.55 for 

[C51H72N4O7 + Li
+
] (calculated = 859.56). 

1
H NMR, ppm (CDCl3, 400 MHz):  1.228-1.417 

(m, 54H
tBu

), 3.838-4.355 (m, 6H
CH2

), 6.928-7.919 (m, 8H
ph

). IR (KBr, cm
-1

) 3607 (νO-H), 

3326 (νN-H), 2869-2960 (νC-H), 1597 (νC=C, aromatic), 1546 (νC=C, aromatic), 1481 (νN=O), 

1364 (νN=O). 

 

Synthesis of ligand [H2L
bisPhO-NO2

], 6,6'-(1E,1'E)-(4,5-dinitro-1,2-phenylene)bis(azan-1-yl-

1-ylidene)bis(methan-1-yl-1-ylidene)bis(2,4-di-tert-butylphenol).  

To a stirred solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (1.183 g, 5.047 

mmol) in methanol (40 mL)  was added a solution of 4,5-dinitrobenzene-1,2-diamine (0.5001 

g, 2.524 mmol) in methanol (30 mL). The mixture was heated at reflux for 28 hours to obtain 

a brown solution. The solvent was removed to half of its original volume by rotatory 

evaporation and the crude product was stored at 4 °C for recrystallization. The obtained 

precipitate was filtered and dried under vacuum to attain an orange powder. Yield: 67.9%. 

ESI (m/z
+
) in CH3OH = 631.1046 for [C36H46N4O6 + H

+
] (calculated = 631.3496). 

1
H NMR, 
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ppm (CD3OD, 400 MHz):  1.330-1.461 (m, 36H
tBu

), 7.059 (s, 2H
ph

), 7.475 (d, 2H
ph

), 7.537 

(d, 2H
ph

), 7.894 (s, 2H
CH

). IR (KBr, cm
-1

) 3502 (νO-H), 2843-2959 (νC-H), 1650, 1619, and 

1517 (νC=C, aromatic and νC=N), (νC=C, aromatic), 1466 (νN=O), 1361 (νN=O). 

 

4.2.3 Syntheses of Iron(III) Complexes  

Synthesis of complex [Fe
III

L
trisPhO-NO2I

] (1). 

A solution of [H3L
trisPhO-NO2

] (0.21 g, 0.25 mmol) and anhydrous NaOCH3 (0.04 g, 

0.75 mmol) in methanol (15 mL) was treated with a methanolic solution (5 mL) of 

Fe(ClO4)3·xH2O (0.12 g, 0.25 mmol), under ambient conditions. The resulting solution was 

heated at 50 °C for 2 hours. Then the reaction mixture was cooled to ambient temperature, 

stirred for one hour at ambient temperature, and bubbled with dioxygen gas for 30 minutes. 

The reaction mixture was recrystallized at ambient temperature to obtain dark red-brown 

crystals of [Fe
III

L
trisPhO-NO2I

]. Yield: 59.3%. Melting point = 184-186 °C. ESI (m/z
+
) in 

CH3OH = 904.4453 for [C51H67N4O7Fe + H
+
] (calculated = 904.4437) in agreement with 1.8 

ppm difference. Anal. Calc. for [C51H67N4O7Fe·H2O]: C, 66.44; H, 7.54; N, 6.08 %. Found: 

C, 65.84; H, 7.42; N, 5.99 %. IR (KBr, cm
-1

) 2868-2957 (νC-H), 1615 (νC=C, aromatic), 1530 

(νC=C, aromatic), 1574 (νC=N), 1471 (νN=O), 1360 (νN=O). 

 

Synthesis of complex [Fe
III

L
bisPhO-NO2

] (2). 

A solution of [H2L
bisPhO-NO2

] (0.250 g, 0.396 mmol) and anhydrous NaOCH3 (0.043 

g, 0.793 mmol) in methanol (20 mL) was treated with a methanolic solution (5 mL) of 

FeCl3·6H2O (0.107 g, 0.396 mmol). The resulting solution was heated at 50 °C for 4 hours. 

The reaction mixture was cooled to ambient temperature. Then the solution was filtered and 
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recrystallized at ambient conditions to yield dark brown-green crystals of [Fe
III

L
bisPhO-NO2

]. 

Yield: 48.1%. ESI (m/z
+
) in CH3OH = 684.2610 for [C36H44FeN4O6

+
] (calculated = 

684.2611). Anal. Calc. for [C36H44ClFeN4O6]: C, 60.05; H, 6.16; N, 7.78 %. Found: C, 

59.97; H, 6.24; N, 7.82 %. IR (KBr, cm
-1

) 2869-2958 (νC-H), 1611 (νC=C, aromatic), 1526 

(νC=C, aromatic) 1573 (νC=N), 1462 (νN=O), 1360 (νN=O).  

 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of Compounds 

The ligand [H3L
trisPhO-NO2

] was synthesized by treating one equivalent of               

4,5-dinitrobenzene-1,2-diamine with four equivalents of 2,4-di-tert-butyl-6-(chloromethyl) 

phenol. The reaction was carried out in dichloromethane for 72 hours under reflux 

conditions, and triethylamine was used as the base. The purified ligand was obtained by 

column chromatography. The synthesis of the ligand [H2L
bisPhO-NO2

] was carried out by the 

treatment of two equivalents of 3,5-di-tert-butyl-2-hydroxybenzaldehyde with one equivalent 

of 4,5-dinitrobenzene-1,2-diamine in methanol media. The resulting mixture was refluxed for 

28 hours and the pure ligand was obtained by recrystallization from methanol. The synthesis 

route followed to obtain ligands and metal complexes are shown in Scheme 4.2. After 

isolating the purified ligands, one equivalent of the corresponding ligand was treated with 

one equivalent of iron(III) metal salt in the presence of anhydrous NaOCH3.  
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Scheme 4.2. Synthetic routes followed to obtain ligands and iron(III) complexes. 
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All the ligands and iron(III) complexes were characterized using multiple techniques, 

namely, infrared and NMR spectroscopic methods, ESI-mass spectrometry, and CHN 

elemental analysis. The mass spectrometry data were measured in the positive ion mode. The 

peak positions and the isotopic distribution patterns of the molecular ion peaks matched with 

simulated data. In IR spectra, the O—H stretching vibrations of the ligands appeared at 3607 

and 3502 cm
-1

 for [H3L
trisPhO-NO2

] and [H2L
bisPhO-NO2

]. In complexes 1 and 2 the O—H 

stretching vibrations were not observed. During the formation of complex 1, the N—H 

stretching vibration (at 3326 cm
-1

), which was present in [H3L
trisPhO-NO2

] disappeared. In 

complex 1, a new band appeared at 1574 cm
-1

 belonging to a C=N stretching vibration. This 

suggests a possible imine conversion of the ligand structure, during the complex synthesis. In 

complex 2, the C=N stretching vibration appeared at 1573 cm
-1

. Additionally, the ligands and 

the complexes showed bands ~ 1470 and 1360 cm
-1

, belonging to N=O stretching vibrations. 

The IR spectra also displayed prominent bands belonging to asymmetric and symmetric C—

H, C=C aromatic stretching vibrations, and CHn deformations.
22

  

 

4.3.2 Molecular Structure Data 

X-ray quality crystals were obtained for complexes 1 (dark red-brown) and 2 (dark 

brown-green), upon recrystallization in methanol at ambient conditions. Selected 

crystallographic data of complexes 1 and 2 are given in Table 4.1 and the ORTEP view is 

shown in Figure 4.1. The selected bond lengths and angles of complexes 1 and 2 are 

tabulated in Table 4.2. In complex 1, there are two types of nitrogens present namely, the 

N1, a mono-substituted imine with one 2,4-di-tert-butyl substituted phenolate arm, and N2, 

di-substituted tertiary amine with two of the same phenolate arms. The three phenolate 
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oxygen atoms and the imine, and amine nitrogen atoms were coordinated to the iron(III) 

center in a pentacoordinated fashion forming a neutral species. When considering bond 

lengths, complex 1 showed a N1-C7 bond distance of 1.307 Å, while N2-C37 and N2-C22 

were found to be 1.506 Å and 1.513 Å, respectively. This data suggested that N1-C7 is a 

double bond, while N2-C25 and N2-C18 are single bonds. The core of complex 1 showed 

bond distances of Fe-O1, 1.911 Å; Fe-O2 and Fe-O3, ~ 1.86 Å; and Fe-N1 and Fe-N2 

distance of ~ 2.1 Å and ~ 2.2 Å, respectively. These data are well-suited with other 

pentacoordinate iron(III) complexes that have been reported in the literature.
23,24 

The X-ray 

structural data of complex 1 consisted of two molecules in the crystal lattice with minor 

differences. The calculated τ values for these two molecules were found to be 0.599 and 

0.317. Therefore, the structure of the complex 1 could occupy a distorted trigonal 

bipyramidal or distorted square pyramidal geometry.  

On the contrary, complex 2 consisted with a single type of two imine nitrogen atoms, 

N25 and N26, which were coordinated to 2,4-di-tert-butyl substituted phenolate entities. In 

complex 2, the iron(III) center was surrounded by two nitrogen atoms (N25 and N26), two 

phenolate oxygen atoms (O14 and O22), and one chloro ligand, in a pentacoordinate fashion. 

The calculated τ value was found to be 0.148. Therefore, complex 2 showed a distorted 

square pyramidal geometry around the metal atom. In the X-ray structure, the two nitrogen 

atoms and the two phenolate oxygen atoms occupied the four corners of the square pyramid 

whereas the chloro ligand was found to be axially coordinated to the metal atom. The oxygen 

and nitrogen atoms were found to be trans to each other. Complex 2 showed a Fe-N bond 

distance of ~ 2.09 Å and a Fe-O bond distance of ~ 1.88 Å. The Fe-Cl bond distance was 

found to be 2.21 Å. The N25-C66 and N26-C39 bonds showed a double bond character with 
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a distance of ~ 1.3 Å. These bond distances and angles are well-matched with the literature 

reported saloph-type iron(III) complexes.
25,26

 Complexes 1 and 2 showed the presence of 

nitro substituents at the phenylenediamine moiety and showed a typical N=O bond distance 

of ~ 1.2 Å. 

 

Figure 4.1. ORTEP diagrams for complexes 1 and 2. 

Complex (2)

Complex (1)
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 (1) (2) 

Formula C51.5H69.5FeN4O8 C144H176Cl4Fe4N16O24 

M 928.46 2880.21 

Space group P21/n P1 

a / Å 21.5860(17) Å 18.5576 (10) Å 

b/ Å 19.7699(16) Å 20.0263 (11) Å 

c/ Å 25.059(2) Å 21.5406 (10) Å 

α/ 
o
 90° 74.430 (2)° 

β/ 
o
 106.9200(10)° 75.669 (2)° 

γ/ 
o
 90° 72.390 (2)° 

V/ Å
3
 10231.2(14) 7228.6 (6) 

Z 8 2 

T/ K 173(2) 100 

λ/ Å 0.71073 0.71073 

Dcalc/ g cm
-3

 1.206 1.323 

µ/ mm
-1

 0.349 0.54 

R(F)
 
(%) 5.69 5.6 

Rw(F) (%) 15.41 15.7 

 

a
R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│; Rw(F) = [∑w(Fo

2
 – Fc

2
)
2 
/ ∑w(Fo

2
)
2
]
1/2 

for I > 2σ(I) 

Table 4.1.  Crystal data
a
 for complexes 1 and 2.
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(1) (2) 

Fe(1A)-O(1A)      1.911(2) Fe3-Cl7                   2.2110 (5) 

Fe(1A)-O(2A)      1.856(2) Fe3-O14                  1.8786 (12) 

Fe(1A)-O(3A)      1.862(2) Fe3-O22                  1.8817 (13) 

Fe(1A)-N(1A)      2.100(3) Fe3-N25                  2.0932 (15) 

Fe(1A)-N(2A)      2.213(2) Fe3-N26                  2.0870 (14) 

N(1A)-C(7A)                  1.307(4) N26-C39                 1.305 (2) 

N(2A)-C(37A)      1.506(4) N25-C66                 1.310 (2) 

N(2A)-C(22A)      1.513(4) O27-N72                 1.211 (2) 

O(4A)-N(3A)                  1.190(4) O29-N72                 1.220 (2) 

O(5A)-N(3A)                  1.216(4) N40-O46                 1.231 (2) 

O(6A)-N(4A)                  1.204(4) O37-N40                 1.230 (2) 

O(7A)-N(4A)                  1.217(4) O14-Fe3-Cl7           107.61 (4) 

O(2A)-Fe(1A)-O(3A)     119.16(10) O14-Fe3-O22          91.23 (6) 

O(2A)-Fe(1A)-O(1A)     101.97(10) O14-Fe3-N25          149.69 (6) 

O(3A)-Fe(1A)-O(1A)     93.74(9) O14-Fe3-N26          86.63 (5) 

O(2A)-Fe(1A)-N(1A)     112.36(10) O22-Fe3-Cl7           112.36 (5) 

O(3A)-Fe(1A)-N(1A)     127.09(10) O22-Fe3-N25          85.60 (6) 

O(1A)-Fe(1A)-N(1A)     86.65(9) O22-Fe3-N26          140.83 (6) 

O(2A)-Fe(1A)-N(2A)     90.89(9) N25-Fe3-Cl7           101.42 (4) 

O(3A)-Fe(1A)-N(2A)     89.50(9) N26-Fe3-Cl7           105.50 (4) 

O(1A)-Fe(1A)-N(2A)     163.04(10) N26-Fe3-N25          77.28 (5) 

N(1A)-Fe(1A)-N(2A)     78.17(9)  

 

Table 4.2. Selected bond lengths (Å) and angles (°) for complexes 1 and 2. 
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4.3.3 Electronic Spectral Properties 

 The UV-visible spectra of complexes 1 and 2 were recorded in dichloromethane. The 

observed electronic spectra for complexes 1 and 2 are shown in Figure 4.2, and their spectral 

positions are given in Table 4.3. The UV-visible spectrum of complex 1 showed an intense 

absorption maxima at 283 nm (ε = 23336 L•mol
-1

•cm
-1

) belonging to π → π* electronic 

transitions.
24,27 

 In complex 1, the broad band appearing in the region of ~ 400-600 nm is 

typical for imine type of pentacoordinate iron(III) complexes. This band consists of two 

shoulder peaks. The second shoulder, which was observed at ~ 550 nm (ε = 6115 L•mol
-

1
•cm

-1
), can be attributed to the charge transfer transitions from phenolate pπ to dπ* of the 

iron(III) center. The first shoulder, which was observed at ~ 455 nm (ε = 9794 L•mol
-1

•cm
-1

), 

can be assigned as the intra-ligand charge transfer transitions (ILCT) associated with the 

phenolate pπ to pπ* of the azomethine moiety.
8
 The spectroelectrochemical studies also 

supported these assignments, and the results will be discussed in a later section. The band in 

the near-UV region (at 325 nm with ε of 21882 L•mol
-1

•cm
-1

)
 
can be assigned to the charge 

transfer transitions from phenolate pπ to dσ* of the iron(III) metal. These attributions are well-

correlated with the literature.
28,29,30 

Complex 1 also showed a band at 370 nm (ε = 18657 

L•mol
-1

•cm
-1

) associated to π → π* electronic transitions, due to the presence of nitro groups. 

Complex 2 showed similar charge transfer transitions to that of complex 1. Complex 2 

showed the intraligand π → π* electronic transitions at ~ 240 nm (ε = 35783 L•mol
-1

•cm
-1

). 

In this spectrum, the region between ~ 400-700 nm showed bands associated woth ILCT (at 

450 nm) and LMCT (phenolate pπ to dπ* of the iron(III) center) transitions.
31

 Apart from these 

absorption bands the phenolate pπ to dσ* and the nitro related intraligand π → π* electronic 

transitions appeared in the region of 300-400 nm.              
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Figure 4.2. UV-visible spectra of 1.0×10
-5

 mol•L
-1

 dichloromethane solutions for (a) 

complex 1 and (b) complex 2. 

 

Compound λ
max

, nm (ε, L· mol
-1

 · cm
-1

) 

(1) 283 (23336), 325 (21882), 370 (18657), ~ 455 (9794), ~ 552 (6115) 

(2) ~ 240 (35783), 330 (49175), ~ 372 (36332), 450 (20798) 

  

Table 4.3. UV-visible spectral data of 1.0 × 10
-5

 mol•L
-1

 dichloromethane solutions for 

complexes 1 and 2. 

 

4.3.4 Electrochemical Properties 

 The redox properties of the metal complexes 1 and 2 were measured in 1.0 × 10
-3

 

mol•L
-1

 dichloromethane solutions using TBAPF6 as the electrolyte. All the potential values 

were recorded versus Fc
+
/Fc couple. The cyclic voltammograms of complexes 1 and 2 are 

shown in Figure 4.3. In Table 4.4 the potential values and │Ipa/Ipc│ ratios have been 
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tabulated. Both complexes showed complicated cyclic voltammograms with a combination 

of ligand- and metal-assisted redox processes. One of the main reasons to use nitro 

substituents on the phenylenediamine moiety is to introduce more redox accessible states into 

iron(III) complexes. Complex 1 showed three cathodic and three anodic processes in the 

cyclic voltammogram. The reversible one electron reduction process found at -1.06 V vs. 

Fc
+
/Fc (ΔEp = 0.07 V, |Ipa/Ipc| = 1.09) can be allocated to the Fe

III
/Fe

II
 redox couple. The other 

two reversible single electron reduction processes at -1.36 V vs. Fc
+
/Fc (ΔEp = 0.08 V, |Ipa/Ipc| 

= 1.07) and at -1.61 V vs. Fc
+
/Fc (ΔEp = 0.06 V, |Ipa/Ipc| = 1.01) can be attributed to ligand-

based nitro reduction processes. The density functional theory (DFT) calculations were 

performed to analyze these three cathodic processes in detail, especially regarding the 

sequence of the redox processes. DFT calculations reinforced the above mentioned 

assignments, and will be discussed in a separate section. Complex 1 also showed two quasi-

reversible single electron anodic processes at 0.54 V vs. Fc
+
/Fc (ΔEp = 0.18 V, |Ipa/Ipc| = 1.03) 

and at 0.8 V vs. Fc
+
/Fc (ΔEp = 0.09 V) belonging to ligand-centered phenolate/phenoxyl 

redox couple. The third phenolate/phenoxyl redox couple (at ~ 1.1 V) was ill-defined. These 

redox potential values are in good agreement with the literature.
20,23,24 

When considering the 

redox properties of iron(III) complexes with electron-donating substituents (which were 

discussed in chapter 3), complex 1 showed well-behaved redox properties with lower 

reduction potential for Fe(III)/Fe(II) redox couple. Complex 2 showed the Fe
III

/Fe
II
 redox 

couple at -0.77 V vs. Fc
+
/Fc (ΔEp = 0.1 V, |Ipa/Ipc| = 0.72). The quasi-reversible ligand-

centered oxidation processes appeared at 0.99 V vs. Fc
+
/Fc (ΔEp = 0.11 V, |Ipa/Ipc| = 1.37) and 

at 1.2 V vs. Fc
+
/Fc (ΔEp = 0.14 V). According to DFT calculations performed for a similar 

salophen-type iron(III) complex (Chapter 6) suggested that the first oxidation is a ligand-
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based event giving rise to a radical delocalized over the phenylenediamine moiety, while the 

second oxidation is a phenolate/phenoxyl redox couple. There are a number of ligand-based 

reduction moieties present in complex 2, such as nitro and azomethine moieties. Therefore, 

they appeared as disordered irreversible redox processes in the region from -1 to -2.5 V 

(Figure 4.3a). 

 

 E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

(1) -1.056 

(0.072) 

│1.088│ 

-1.364 

(0.076) 

│1.075│ 

-1.611 

(0.062) 

│1.006│ 

0.541 

(0.178) 

│1.031│ 

0.803 

(0.086) 

(2) 

 

-0.774 

(0.104) 

│0.72│ 

0.987 

(0.106) 

│1.37│ 

1.2 

(0.14) 

 

  

   

Table 4.4.  Cyclic voltammetry data for complexes 1 and 2. 
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Figure 4.3. Cyclic voltammograms of 1.0 × 10
-3

 mol•L
-1

 solutions for iron(III) complexes 1 

and 2. (a) Full scale and (b) isolated region with most reversible redox processes.  
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4.3.5 Spectroelectrochemical Properties 

 Spectroelectrochemical experiments were carried out to clarify the spectral 

assignments of complex 1 and to identify the absorption bands associated with the C=N, 

azomethine moiety. The experiments were performed using fixed potential method in 

dichloromethane solutions of complex 1 with TBAPF6 as the electrolyte. The results obtained 

for complex 1 during the spectroelectrochemical experiments are shown in Figure 4.4.  

The oxidation process of complex 1 was studied by applying a fixed potential at 

0.982 V vs. Fc
+
/Fc. During this process, charge transfer bands appeared in the region of        

~ 400-600 nm started to decrease in intensity. At the same time, the region between ~ 650 

and 900 nm started to increase in intensity, with an isosbestic point observed at 630 nm 

(Figure 4.4a). The reason for this observation can be explained as follows. During the 

oxidation Fe
III

-phenolate moieties will convert in to Fe
III

-phenoxyl species. Therefore, LMCT 

transitions start to decrease in intensity. At the same time, because there can be charge 

transfer transitions between phenolate to phenoxyl moieties, a new band (at ~750 nm) starts 

to increase in intensity.
24

  

During the reduction process of complex 1 (-1.092 V vs. the Fc
+
/Fc), bands appeared 

in the region of ~ 550-800 nm decreased in intensity. Also, a new well-defined band started 

to increase at 460 nm with an isosbestic point observed at 402 nm (Figure 4.4b). This 

observation can be explained as follows. During the reduction of Fe(III) to Fe(II), LMCT 

charge transfers initiating from phenolate oxygens to Fe(III) becomes unfavorable. 

Therefore, those bands start to decrease in intensity. Concurrently, the more favorable ILCT 

transitions will start to increase in intensity. With these observations, the new absorption 
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band appeared at 460 nm can be assigned as charge transfers taking place from pπ phenolate 

oxygen to pπ* of the azomethine moiety. 

 

Figure 4.4. Electronic spectral changes observed during (a) oxidation and (b) first reduction 

for complex 1 under fixed potential conditions.  

 

4.3.6 DFT Calculations 

DFT
32

 calculations, using a developed version of Gaussian,
33

 were carried out for 

complexes 1 and 2, to establish the redox sequence of the cathodic processes appeared in 

their cyclic voltammograms (Figure 4.5a). B3LYP functional
34

 with SDD basis set
35

 on iron 

and 6-31G(d,p) basis on the other atoms were used. Geometry optimizations were performed 

in the gas phase without any symmetry constraints. Solvation effects were included using 

SMD solvation model
36

 on the gas-phase optimized geometry. The solvent used was 

dichloromethane. The optimized geometry of complex 1 is shown in Figure 4.5b, the C-

N(nitro) bond distance was calculated to be 1.469Å for the p-nitro moiety while it was 

1.476Å for the m-nitro functionality (para- and meta-nitro moieties were labeled with respect 
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to the C=N, azomethine moiety). The nitro group para to the azomethine moiety was found 

to be about 9° more coplanar with the phenyl ring when compared to the nitro group meta to 

the azomethine moiety. Therefore, the two nitro functionalities were expected to be 

electronically different.  

 

Figure 4.5. (a) Cyclic voltammogram and (b) DFT-optimized structure of complex 1. 

Hydrogen atoms are omitted for clarity. 

According to DFT calculations, the high spin (S = 5/2) iron(III) configuration is 

energetically more favorable than the low spin (S = 3/2) state by about 17 kcal/mol. Hence, 

complex 1 should have sextet spin state configuration as the ground state. After the first 

reduction of complex 1, the calculated Mulliken spin density was found to be 3.75 on the iron 

center and suggested the formation of a high spin iron(II) center with a quintet (S = 4/2) spin 

state (Figure 4.6). During the reduction process of Fe(III) to Fe(II), the metal-ligand bond 

distances were elongated by 0.03 to 0.13 Å. The second reduction process gives rise to two 

possible spin states: S = 5/2 and S = 3/2. DFT calculations showed that these two 

configurations are isoenergetic, i.e. with 1 kcal/mol. The spin density plot of S = 5/2 
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configuration showed a Mulliken spin density of 0.348 on the p-nitro moiety and 0.278 on 

the m-nitro group as shown in Figure 4.6. The iron center retains the high spin configuration 

with a Mulliken spin density of about 4. These results indicate that unlike the first reduction, 

the second electron transfer happens on the nitro functionality and initially, the p-nitro 

moiety gets reduced. Because the two adjacent nitro groups are coplanar and electronically 

connected, the spin becomes delocalized over both the nitro functionalities after the initial 

reduction of the p-nitro moiety. The spin density plot obtained after the third electron 

reduction showed considerable amount of spin density around the azomethine moiety and the 

phenolate ring (Figure 4.6). Inspection of the two nitro groups revealed that the spin density 

on the p-nitro moiety being 0.338 is essentially same to what was found (0.348) in the doubly 

reduced species while the spin density on the m-nitro group is significantly increased from 

0.278 in the doubly reduced species to 0.508. Therefore, we can predict that the third electron 

transfer happens to the m-nitro functionality and the spin density gets delocalized over the 

phenolate ring via the azomethine moiety. This delocalization is facile because the m-nitro 

group is coplanar to the azomethine functionality and the phenolate ring, and hence, they are 

electronically connected in the π-space. The third reduction process was found to be on the 

m-nitro functionality. This event was strongly assisted by the presence of the imine, because 

the azomethine moiety can help delocalization of the spin. Therefore, the resulting reduced 

species is stable. In order to support this phenomenon, two model systems I and II were 

designed (Figure 4.7), which can be considered as the essential simplified versions of 

complex 1, where the redox active part of the ligand framework was retained. Model I has 

two nitro moieties, the azomethine unit, and the phenolate ring conjugated to each other, 

while in model II, two nitro groups were disconnected in the π-space from the azomethine 
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unit and the phenolate fragments. The first reduction process was found to be on one of the 

nitro functionalities for both the models. Model I has the second reduction event happening 

on the second nitro group, but this event was strongly assisted by the imine and the phenolate 

ring (as found for complex 1), because of delocalization of the spin from nitro to imine and 

phenolate fragments. This kind of delocalization was not possible in the case of Model II and 

hence, the second reduction event happens on the imine and phenolate fragments, and not on 

the nitro moiety. As a result, unlike model I, the reduced species cannot gain the required 

stability. This phenomenon was reflected on the computed second reduction potentials for the 

two model systems (Figure 4.7). The potential for model system II was calculated to be 

more negative than that for model system I. Finally, we conclude that the first reduction 

event observed in the cyclic voltammogram of complex 1 (Figure 4.5a) was iron-based 

reduction, Fe(III)/Fe(II), while the other two reductions were based on the nitro 

functionalities, and not on the imine moiety. However, the imine moiety plays an important 

role providing significant stability to the resulting species formed after the third reduction, 

and as a result, the observed third reduction potential being -1.69V (vs. Fc
+
/Fc couple) was 

not too negative. The observed imine reduction potential for complex 1 has been found at 

very high negative potential, about -2.5 V vs. Fc
+
/Fc couple in the presence of acetonitrile 

solvent and TBAPF6 electrolyte.  
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Figure 4.6. Spin Density (SD) plots of the redox active species involved in the 

electrochemical pathway of complex 1. An isodensity value of 0.004 a.u. was used for 

plotting the spin density. Hydrogen atoms are omitted for clarity. 
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Figure 4.7. Computed potentials of the second reduction event for the simplified model 

systems of complex 1. 

As expected, experimental results and theoretical calculations showed that complex 1 

with electron-withdrawing nitro substituents present at fourth and fifth positions of the 

phenylenediamine moiety can attain the Fe(III)/(II) reduction at a lower negative redox 

potential when compared to iron(III) complexes with electron-donating methoxy groups. 

This is illustrated in Figure 4.8. All the potentials are reported with respect to Fc
+
/Fc couple. 

The calculated potential, E, has been obtained from the standard thermodynamic equation: 

ΔG(Solution) = -nFE, while ΔG(Solution) has been calculated as: G(reduced) – G(oxidized). The potential 

for the Fc
+
/Fc couple was calculated at the same level of theory mentioned above. 

Experimentally, the difference between the first oxidation and the first reduction potentials 

for the nitro-substituted complex was found to be smaller than that for the methoxy 

substituted complex. The difference between potentials is a measure of the HOMO-LUMO 

energy gap of the complex. Therefore, a lower HOMO-LUMO energy gap can be expected 

for the nitro substituted species than that for the methoxy substituted species.  This was also 
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supported by the DFT calculations, when we compared the calculated energy gap (of those 

two complexes) between the orbitals that are active for the first oxidation and the first 

reduction events.  

 

 

 

Figure 4.8. Change of the first reduction potential as a result of substituting the nitro 

functionalities with the methoxy groups on the phenylenediamine moiety of complex 1.  

 

The calculated electrochemical pathway of complex 2 is shown in Figure 4.9. Similar 

to what were found for complex 1, the first reduction process was based on the reduction of 

Fe(III) → Fe(II), and the second and third reductions were found to be nitro-based events. 
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Figure 4.9. Spin Density (SD) plots of the redox active species involved in the 

electrochemical pathway of complex 2. An isodensity value of 0.004 a.u. was used for 

plotting the spin density. 

 

The experimental data and theoretical calculations of complexes 1 and 2 suggested 

that the Fe(III)/Fe(II)
 
reduction can be obtained at a lower negative potential when there are 

electron-withdrawing nitro substituents present at the fourth and fifth positions of the 

phenylenediamine moiety. The potential gap between the first reduction and first oxidation 

half waves also provided an insight about the HOMO-LUMO energy gap. Therefore, we 

observed a lower HOMO-LUMO energy gap for nitro substituted iron(III) complexes. Low 

HOMO-LUMO energy gaps with accessible energies are useful when designing molecules as 
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unimolecular current rectifiers. Furthermore, these studies indicated that electronic and redox 

properties can be modulated by changing the substituents on the phenylenediamine moiety. 

 

4.3.7 Isothermal Compression Data 

 The film formation ability at the air/water interface of complexes 1 and 2 were 

assessed using Langmuir-Blodgett (LB) and Brewster angle microscopy (BAM) methods. 

The obtained isothermal compression data and BAM micrographs are shown in Figure 4.10. 

To incorporate hydrophilic and hydrophobic characteristics to the molecule, polar nitro and 

non-polar tert-butyl groups were introduced. According to compression isotherms of 

complexes 1 and 2, molecules started to interact with each other around ca. 140 and 70 Å
2
. 

Complex 1 showed a phase transition in the region between 9 and 14 mN/m, but complex 2 

did not show such a phase rearrangement. The phase rearrangement of complex 1 was visible 

in the BAM micrographs because Newton rings started to appear in that surface pressure 

region. The BAM micrographs observed between 20 and 35 mN/m for complex 1 did not 

show any additional features or defects, hence, showed a homogeneous film formation at the 

air/water interface. Complex 2 did not show many features in the BAM micrographs and 

showed a homogeneous film formation between ~ 5 and 25 mN/m.  
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Figure 4.10. Isothermal compression and Brewster angle micrographs for complexes 1 and 

2.  

The minimum average area (critical area) occupied by a molecule, after the formation 

of a compact well-ordered film, was calculated by extrapolating the steepest portion of the 

isotherm. The critical areas observed for complexes 1 and 2 were ca. 90 and 65 Å
2
, 

respectively. The films started to collapse by following the classic Ries mechanism,
37,38

 and 

this was evident in the BAM micrographs by the formation of arrays of Newton rings. 

Complexes 1 and 2 started to collapse at ca. 40 and 30 mN/m, respectively, by following a 

constant pressure collapse mechanism. 

 

50 100 150 200

0

10

20

30

40

50

 

 

S
u

rf
a

c
e

 P
re

s
s

u
re

 (
m

N
/m

)

Average Molecular Area (Å
2
)

 (1)

 (2)

5 - 25 mN/m

Collapse

20 - 35 mN/m

Collapse

(1) (2)



www.manaraa.com

164 
 

4.3.8 Langmuir-Blodgett Film Characterization using UV-visible Spectroscopy, 

Infrared Reflection Absorption Spectroscopy, and Mass Spectrometry Methods  

The spectroscopic characterizations of thin films are important in gaining information 

regarding the structure composition and packing topology.
39

 Multilayers of complexes 1 and 

2 were deposited onto glass substrates, and then, they were characterized using UV-visible 

and infrared reflection absorption spectroscopic methods. For each of these experiments, fifty 

depositions were carried out using y-type dipping method at 22 mN/m. Complex 1 showed a 

transfer ratio close to unity, and complex 2 showed a transfer ratio ≤ 0.5, due to poor 

adhesion. The UV-visible spectra obtained for LB films when compared to their solution 

spectra are shown in Figure 4.11. LB film spectra of complexes 1 and 2 showed similar 

spectral features to their solution spectra, but with slight peak shifts. The intraligand π → π* 

and LMCT transitions, which appeared in solution spectra were retained in LB film spectra. 

Therefore, this supports that the molecular structure of complexes 1 and 2 were remained 

intact. The UV-visible spectra of LB films for 1 and 2 showed a bathochromic shift of 

absorption bands when compared to their solution spectra. This feature suggests the 

formation of J-type aggregates during the LB film deposition.
40,41
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Figure 4.11. UV-visible spectra of LB films in comparison with 1.0 × 10
-5

 mol•L
-1

 

dichloromethane solutions for (a) complex 1 and (b) complex 2. 

  The IRRA spectroscopy was also used to characterize the LB films of complexes 1 

and 2. IRRA spectra of complexes 1 and 2 (50 layers) in comparison with KBr infrared 

spectra are shown in Figure 4.12. IRRA spectra of complexes 1 and 2 were measured at 30° 

and 40° under p-polarized light, respectively. The spectral features of IRRA and IR spectra of 

complexes 1 and 2 were comparable with each other, suggesting that the molecular structure 

remains intact during the film deposition. In complexes 1 and 2, aromatic C=C stretching 

vibrations and CHn deformation bands appeared in the region of 1650-1300 cm
-1

. In addition 

to these bands, C=N stretching vibrations appeared at 1574 and 1572 cm
-1

 for complexes 1 

and 2, respectively. The bands associated with the N=O stretching vibrations appeared at      

~ 1470 and 1360 cm
-1

.     
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Figure 4.12. IRRA spectra of LB films (50 layers) for (a) complex 1 and (b) complex 2 in 

comparison with KBr infrared spectra. 

 In IRRA spectra, asymmetric and symmetric C-H stretching vibrations appeared in 

the region of 2870-2970 cm
-1

, with a slight shift of bands when compared to their IR spectra 

(Figure 4.13). In complex 1, IR bands were observed at 2957, 2905, and 2868 cm
-1

, but in 

the film these bands have been shifted to 2966, 2916, and 2874 cm
-1

, respectively. Likewise, 

in complex 2 the IR bands were observed at 2960, 2907, and 2869 cm
-1

, and have been 

shifted to 2960, 2922, and 2872 cm
-1

 in the film. In addition, the films of complexes 1 and 2 

showed prominent asymmetric methyl stretching vibrations as well as positive and negative 

bands within the same spectrum. These characteristics resembled anisotropic films with well 

packed topologies for complexes 1 and 2,
42,43

 where the nitro groups are attached to the glass 

substrate and the tert-butyl rich metal coordinated moiety pointing in air/solid interface. The 

suggested arrangement of molecules was further approved by the contact angle 

measurements. A monolayer of complex 1 showed a static contact angle of 89.14° ± 1.35° 

compared to 7.46° ± 0.42° obtained for a clean glass surface. This demonstrates the intense 

hydrophobic nature of complex 1. 
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Figure 4.13. C-H stretching region of IRRA spectra for (a) complex 1 and (b) complex 2 in 

comparison to their bulk IR spectra.  

To further analyze the structure composition of LB films, matrix assisted ionization 

vacuum (MAIV) mass spectrometry
44,45

 was used. For this experiment, a LB monolayer of 

complex 1 was deposited onto a glass substrate at 22 mN/m and then the mass spectrum was 

recorded. The obtained mass spectrum for the LB monolayer when compared to bulk sample 

is shown in Figure 4.14. According to the observed data, the LB monolayer as well as the 

bulk sample of complex 1 showed molecular ion peaks at (m/z) 904.6 belonging to 

[C51H67N4O7Fe + H
+
]. Therefore, this mass spectrometry data further indicated the intact 

molecular structure of complex 1 in the LB film.   
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Figure 4.14. MAIV mass analysis for complex 1 (a) bulk sample and (b) LB monolayer. 

 

4.3.9 Surface Characterization of LB films using Atomic Force Microscopy (AFM) 

The surface analysis of mono and multilayer LB films were carried out using AFM 

method. The surface topology of LB films of complex 1 was investigated by depositing 

monolayer films onto mica substrates at surface pressures of 12, 20, 22, 30, 35 mN/m, and at 

monolayer collapse. AFM height images of monolayers at different surface pressures are 

shown in Figure 4.15. The monolayer deposited at a lower surface pressure, 12 mN/m, 

showed an irregular film deposition with surface defects. At 20 mN/m, the LB monolayer 

showed fewer defects, due to the transformation of the Langmuir film from a gaseous 2D 

phase to a condensed 2D phase at the air/water interface. The monolayer showed a smooth 

film formation at 22 mN/m.
 
At higher surface pressures, the film became rougher due to 
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excess material deposition on the surface of the monolayer. Therefore, to measure the surface 

roughness and thickness, LB mono and multilayers were deposited at 22 mN/m.  

 

Figure 4.15. AFM height images of monolayer films for complex 1 deposited on mica 

substrate at (a) 12 mN/m, (b) 20 mN/m, (c) 22 mN/m, (d) 30 mN/m, (e) 35 mN/m, and (f) at 

collapse; the scan size is 5 μm and the Z range is 5 nm for all images. 

The surface roughness of mono and multilayer LB films were measured using AFM. 

Mica substrates were used to deposit the LB films. Height images and the corresponding 3D 

surface images of complex 1 ranging from 1 to 15 layers are shown in Figure 4.16. As the 

number of the layers increased, the film surface became rougher due to particle aggregation 

on the surface of the film. 
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Figure 4.16. Surface roughness measurements of 1-15 LB layers for complex 1 deposited on 

mica substrates. AFM height images (left) and 3D surface plots (right). (a, b) 1; (c, d) 5; (e, f) 

11; (g, h) 15 layers, the scan size is 5 μm  and the Z range is 20 nm for the images. 
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The thickness of the films ranging from 1 to 15 layers deposited onto quartz 

substrates were examined by intentional scratching of the film with a sharp blade, and by 

measuring the depth of the scratch. Figure 4.17 shows the AFM height image (2D), the 3D 

surface image, the corresponding sectional analysis along the black solid line indicated in the 

3D image for an 11 layer LB film, and the plot between number of layers and the layer 

thickness for complex 1. Height differences between the red arrows indicated the film 

thickness. According to this data, the experimental monolayer thickness for complex 1 was 

found to be 1.3 ± 0.3 nm. The plot obtained between the number of layers vs. the layer 

thickness (Figure 4.17d) showed a linear relationship indicating a homogeneous film 

deposition. According to the crystal structure data of complex 1, the approximate length of 

the molecule is 12-13 Å. Therefore, this result is in excellent agreement with the monolayer 

thickness obtained from the AFM analysis. A summary of the film roughness and thickness 

measurements are tabulated in Table 4.5. 

Number of Layers Surface Roughness 

(nm) 

Thickness of the Film 

(nm) 

1 0.27 ± 0.1 1.3 ± 0.3 

5 1.3 ± 0.2 4.7 ± 0.5 

11 1.9 ± 0.1 9.1 ± 0.4 

15 2.6 ± 0.5 14.0 ± 1.7 

Table 4.5. Surface roughness and thickness data of 1-15 layers for complex 1. 
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Figure 4.17. AFM height images and sectional analysis of complex 1 (11 layers) on quartz.   

(a) 2D view, (b) 3D view, (c) sectional analysis along the black solid line, and (d) plot 

between the thickness (nm) vs. number of layers from 1 to 15 layers. 

 

4.4 Conclusions 

 Two new nitro substituted asymmetric iron(III) complexes with pentacoordinate 

geometry were successfully synthesized and characterized. Due to the introduction of nitro 

substituents, complex 1 exhibited well-behaved redox properties. Complex 1 showed     

metal- and ligand-centered reduction processes and showed that the Fe(III)/Fe(II)
 
reduction 

can be obtained at much lower potentials compared to iron(III) complexes with          
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electron-donating substituents. Electrochemical and DFT data revealed a decrease in   

HOMO-LUMO energy gap when compared to other iron(III) complexes with            

electron-donating substituents, due to the lowering of  the LUMO energy level. Both of these 

complexes showed a homogeneous film formation at the air/water interface. The LB films of 

complexes 1 and 2 were able to deposit onto solid substrates, but complex 2 showed poor 

adhesive properties. The LB films were thoroughly characterized using different 

spectroscopic, spectrometric, and microscopic methods. According to these data, the 

molecular structure remained intact in both complexes. Well-ordered LB films of complexes 

1 and 2 were observed, with possible J-type aggregates. Experiments that were carried out to 

understand the properties of complexes 1 and 2, proposed successful results in obtaining 

better redox and electronic properties with possible donor and acceptor moieties. 

Electrochemical data and DFT calculations suggested that the introduction of nitro 

substituents were important for modulation of HOMO and LUMO energies of the iron(III) 

complexes, which is an important factor when designing molecule-based current rectifiers. 
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CHAPTER 5 

STUDY OF THE RECTIFICATION BEHAVIOR IN NANOSCALE DEVICES 

BASED OF AN ASYMMETRIC FIVE-COORDINATE IRON(III)/PHENOLATE 

COMPLEX 

The data described in this chapter has been published by Lanka D. Wickramasinghe, 

Meeghage Madusanka Perera, Li Li, Guangzhao Mao, Zhixian Zhou, and                    

Cláudio N. Verani* in Angew. Chem. Int. Ed. 2013, 52, 13346-13350. Copyright 2013 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

5.1 Introduction 

Rectification is characterized by an asymmetric flow of electric current. In 

macroscopic electrical circuitry, rectifiers such as vacuum tubes or solid state diodes control 

the mobility of current enabling it to flow in one direction and preventing reversibility. This 

directionality is fundamental to the conversion of alternating into direct current.   Molecular 

rectification, proposed in the celebrated Aviram-Ratner ansatz,
1
 anticipates the feasibility of 

the same directional current flow taking place in an electrode|molecule|electrode junction. 

Central to this paradigm is the existence of asymmetric molecules that incorporate electron-

donor and electron-acceptor moieties, [DA], with an excited state [D
+
A

-
] of higher but 

accessible energy.
2
 Usually, donor and acceptor are separated by a σ- or -bridge to decrease 

electronic coupling
3
 and, if the requirements are fulfilled, rectification occurs with 

contributions from Schottky, asymmetric, and/or unimolecular mechanisms. Schottky 

rectification is based on interfacial dipoles from electrode contact or on covalent bonding 

between the molecule and the electrode.
4
 Asymmetric and unimolecular mechanisms rely on 
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the use of frontier molecular orbitals of the molecule; while the former relies on asymmetric 

placement of the HOMO or the LUMO in the electrode|molecule|electrode assembly, the 

latter is based on small HOMO-LUMO gaps that allow for through-molecule current flow.
4a,5

 

While experimental distinction between asymmetric and unimolecular contributions can be 

ambiguous, there is consensus that electroactive molecules with local low-symmetry
6
 

constitute good candidates for the enterprise, and well-documented cases of molecular 

rectification rely heavily on the formation of high-quality Langmuir-Blodgett films.
7
    

Although it has been shown that self-assembled monoayers of polypyridine-cobalt(II) 

complexes in octahedral environments
8
 can act as single-electron transistors and induce 

increased resistance (Coulomb blockade) at cryogenic temperatures, the incorporation of 

transition metal complexes into electrode|molecule junctions has favored symmetric 

molecules and has been rather slow in development. Examples involve assemblies based on 

metallo-porphyrins,
9
 terpyridine-ruthenium(II),

10 
as well as trivalent cobalt

11
 and rhodium

12
 

azo-containing species in octahedral environments and capable of symmetrical conductance 

relevant for memory switching devices. An example of rectification based on an octahedral 

bipyridine/acac-ruthenium(II) system has been reported,
13

 but the effect of lowering global 

symmetries around the metal center is yet to be tested.   

The Verani group is engaged in an effort to integrate bioinspired asymmetry 

principles into new molecular materials, aiming to develop redox-responsive 

metallosurfactants with topologies that display unique structural, spectroscopic, and surface 

patterning behavior. The Verani group recently reported the redox and electronic behavior of 

five-coordinate complexes where the iron(III) ion is bound to low-symmetry, phenolate-rich, 

[N2O3] environments and have shown that geometric and electronic constraints determine the 
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sequence by which the metal and each of the phenolates is oxidized.
14 

In this account, a new 

iron(III) species [Fe
III

L
4
] (1) (Scheme 5.1) is reported. This species shows marked local 

asymmetries and is based on a newly synthesized amphiphilic and redox-active [N2O3] 

ligand. The complex takes advantage of the presence of phenylenediamino-metal and 

phenyl/phenolate moieties that can act respectively as electron-acceptors and donors. The 

viability of 1 as precursor for Langmuir-Blodgett (LB) films, as well as its use in the 

fabrication of nanoscale rectifying devices was probed. 

 

Scheme 5.1. The five-coordinate iron(III)/N2O3 complex [Fe
III

L
4
]. 

5.2 Experimental Section 

5.2.1 Synthesis of the Ligand and Iron(III) Complex (1) 

The synthesis of the ligand [H3L
4
], (6,6'-(2-(3,5-di-tert-butyl-2-hydroxybenzylamino)-

4,5-bis(2-methoxyethoxy)phenylazanediyl)bis(methylene)bis(2,4-di-tert-butylphenol), was 

described in chapter 3. 
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Synthesis of complex [Fe
III

L
4
] (1). 

Complex [Fe
III

L
4
] (1) was synthesized as follows: A solution containing 1 equivalent 

of [H3L
4
] (0.300 g, 0.330 mmol) in methanol (25 mL) was treated with 3 equivalents of 

anhydrous NaOCH3 (0.054 g, 0.990 mmol) and followed by addition of 1 equivalent of 

methanolic FeCl3 (0.054 g, 0.330 mmol) under an inert atmosphere. The resulting solution 

was heated at 50 °C for 30 minutes. The reaction mixture was cooled to ambient temperature 

and stirred for 1.5 h. The solvent was removed under vacuum, and the crude product was 

dissolved in anhydrous dichloromethane and filtered through celite. Solvent evaporation 

yielded a reddish-brown precipitate of [Fe
III

L
4
]. Yield: 77.6%. Melting point = 140-143 °C. 

ESI (m/z
+
) in CH3OH = 964.5606 for [C57H83N2O7Fe + H

+
] (calculated = 964.5629) in 

agreement with -2.38 ppm difference. Anal. Calc. for [C57H83N2O7Fe]: C, 71.01; H, 8.68; N, 

2.91%. Found: C, 71.38; H, 8.57; N, 2.97%. IR (KBr, cm
-1

) 3205 (νN-H), 2868-2954 (νC-H), 

1604 (νC=C, aromatic), 1512 (νC=C, aromatic), 1273 (νC-O-C), 1129 (νC-O-C). 

 

5.3 Results and Discussion 

5.3.1 Synthesis and Characterization of Ligand and Iron(III) Complex 

The ligand [H3L
4
] was obtained via treatment of an alkoxylated phenylenediamine 

obtained by multistep protocols
15 

with 2,4-di-tert-butyl-6-(chloromethyl)phenol in presence 

of triethylamine (Scheme 5.2). The ligand [H3L
4
] was treated with anhydrous FeCl3 in 

methanol in presence of sodium methoxide under inert conditions. 
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Scheme 5.2. Multistep synthesis of [H3L
4
]; (i) CH3OCH2CH2Br, NaOH, ethanol, 48 h reflux; 

(ii) HOAc, HNO3, CH2Cl2, RT, 72 h; (iii) Pd/C, hydrazine, ethanol, 18 h reflux; (iv) Et3N, 

CH2Cl2, 72 h reflux. 

Species [Fe
III

L
4
] (1) was characterized by exact mass spectrometry (Figure 5.1) IR 

and UV-visible spectroscopic methods and was in excellent agreement with combustion 

analysis results. 

 

Figure 5.1. ESI (positive) peak cluster for [M+H
+
] of metal complex 1. 

962 963 964 965 966 967 968 969

964.5606

962.5618
963.5647

965.5649

966.5689

967.5743

968.5818

(1)
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5.3.2 X-ray Structural Data 

Limited X-ray structural information obtained for the methoxy-substituted analogue 

(Figure 5.2), supported that 1 contains an iron(III) metal ion surrounded by three phenolate 

oxygen atoms and two amine nitrogen atoms of the respective ligand in a distorted trigonal 

bipyramidal geometry. This description was in excellent agreement with experimental and 

calculated species described previously by the Verani laboratory,
16 

where average Fe-N and 

Fe-O bond distances reach 2.20 and 1.87 Å, respectively.
17

 UV-visible and IR evidence 

suggested that 1 retains its amine character, rather than being converted by ligand oxidation 

into the equivalent imine species 1
i
, as usually observed.

16a
 This amine/imine conversion will 

be only observed at the air/water interface and in LB films. 

 

Figure 5.2. Snapshot of the methoxy substituted iron(III) complex [Fe
III

L
OCH3

].  
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5.3.3 Electronic Spectral Properties 

The UV-visible spectrum of complex 1 was measured in dichloromethane. Table 5.1 

and Figure 5.3 show the spectrum and the spectral positions obtained for metal complex 1. 

Metal complex 1 showed an intense band in the near-UV region at 286 nm with ε value of ~ 

23,400 L•mol
-1

•cm
-1 

due to ligand based π → π* electronic transitions. Also, it showed a 

band in the visible region, at 466 nm with ε value of ~ 6,100 L•mol
-1

•cm
-1

. This band can be 

assigned as phenolate to Fe
III

 charge transfer transition originating from pπ orbital of the 

phenolate oxygens to dπ* of the metal center. Besides the above mentioned bands, there was 

another absorption band present in the near-UV region at 329 nm with ε value of ~ 10,300 

L•mol
-1

•cm
-1 

due to another ligand to metal charge transfer (LMCT) transition originating 

from phenolate pπ orbitals to dσ* of the metal center. The spectroelectrochemical experiments 

were carried out using fixed potentials for complex 1, and the results obtained from the 

experiments were also approved the electronic spectral assignments (results will follow). In 

addition, the spectral assignments are well suited with literature reported iron(III) complexes 

under similar coordination environments.
18

 

Compound  λ
max

, nm (ε, L•mol
-1
•cm

-1
)  

(1)  286 (23423), 329 (10319), 466 (6094)  

 

Table 5.1. UV-visible data of 1.0×10
-4

 mol•L
-1

 dichloromethane solution for complex 1. 
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Figure 5.3. UV-visible spectrum of 1.0 × 10
-4

 mol•L
-1

 dichloromethane solution of 1. 

  

5.3.4 Electrochemical Properties 

Complex 1 showed well-defined metal- and ligand-centered redox processes in 

dichloromethane with TBAPF6 as the supporting electrolyte. The obtained cyclic 

voltammogram and the redox potentials are shown in Figure 5.4 and Table 5.2. A cathodic 

process that appeared at ~ -1.49 V vs. Fc
+
/Fc (ΔEp = 0.18 V, |Ipa/Ipc| = 0.81) was assigned to 

the Fe
III

/Fe
II
 redox couple; whereas, three consecutive phenolate/ phenoxyl processes were 

observed at 0.43 V (ΔEp = 0.09 V), 0.69 V (ΔEp = 0.12 V) and 0.9 V vs. Fc
+
/Fc. The first two 

processes were quasi-reversible, and the third was ill-defined. The electronic origin of these 

attributions has been investigated in detail
 
along with the consequences of the lack of orbital 

degeneracy to redox-cycling brought by the low symmetry of this five-coordinate species.
14
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Figure 5.4. Cyclic voltammogram of complex 1 (a) from 1.5 to -2 V and (b) isolated redox 

processes from 1 to -2 V in dichloromethane. 
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Process (vs.         

Fc
+

/Fc) 

Compound  

E
½
, (ΔE

p
)  

(V)  

│I
pa
/I
pc
│  

E
½
, (ΔE

p
)  

(V)  

│I
pa
/I
pc
│  

E
½
, (ΔE

p
)  

(V)  

 

E
½
, (ΔE

p
)  

(V)  

(1)  -1.494 (0.177)  

│0.81│   

0.434 (0.093)  

│1.09│   

0.690 (0.122)  

-  

0.86 (0.14)  

-  

 

Table 5.2.  Redox processes (E½ and ΔEp values) vs. Fc
+
/Fc for complex 1. 

 

5.3.5 Spectroelectrochemical Properties 

In complex 1, when the reduction process occurred, the lower energy LMCT band at 

~ 465 nm started to decrease in intensity. The reason for this observation is that during the 

reduction, the Fe
III

 reduces to Fe
II
 and this transformation results in a weakening of the 

ligand- to -metal charge transfer transition. During the oxidation process of complex 1, the 

band at ~ 465 nm decreased in intensity, and the region ~ 700 nm increased in intensity. 

When the Fe
III

-phenolate transforms into Fe
III

-phenoxyl radical species, the LMCT band 

occurring from pπ (phenolate) to dπ* of the metal becomes weaker due to the lower charge 

density around the metal center and, therefore, decreases in intensity. Nevertheless, there 

could be charge transfer transitions between the phenolate and phenoxyl moieties, the band at 

~ 700 nm can be assigned as a phenolate to phenoxyl charge transfer. Figure 5.5 shows the 

observed spectral changes for complex 1 during reduction and oxidation processes. The 

experiments for complex 1 were conducted using fixed potential method. To study the 

oxidation and reduction processes, potentials of 0.869 V and -1.881 V vs. the Fc
+
/Fc were 

applied, respectively. 
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Figure 5.5. Electronic spectral changes observed for 1 during spectroelctrochemical 

experiments. 

 

5.3.6 Isothermal Compression Data 

To build nanoscale devices based on LB films of 1, the first step was the evaluation 

of interfacial properties at the air/water interface. Therefore, isothermal compression 

associated with Brewster angle microscopy (BAM)
19

 was used at 23 ± 0.5 °C to assess 

average area per molecule, collapse pressure of the monolayers, and film topology and 

homogeneity. The data obtained are shown in Figure 5.6. Species 1 presented a good 

amphiphilic distribution between the hydrophobic tert-butyl groups attached to the phenolate 

moieties and the hydrophilic methoxyethane chains. As a consequence, complex 1 started to 

show intermolecular interactions at the air/water interface around 260 Å
2
/molecule. Further 

compression led to the formation of a homogeneous film at surface pressures of around 10-20 

mN/m, as observed by BAM images. Formation of Newton rings associated with film 

instability was eventually observed. An apparent phase rearrangement was observed between 
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25 and 35 mN/m was indicated by a change in the slope of the isotherm, as well as by the 

absence of Newton rings. The microscopic homogeneity of the film tracked by BAM seemed 

to remain unaltered until ridge formation indicative of collapse which appeared at 63 mN/m.  

 

Figure 5.6. Compression isotherm for complex 1 with its first derivative and selected BAM 

micrographs (Insets). 

In the classic Ries mechanism,
20

 collapse involves folding, bending, and breaking of 

the monolayer. The simplest model for molecular arrangement at the air/water interface 

suggested the methoxyethane moiety submerged in water, whereas the hydrophobic 
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core is equivalent to a circle with radius corresponding to the distance between the outermost 

tert-butyl group in the ligand and the metal ion. This distance is ca. 7.9 Å in known 

structures,
14,16b

 resulting in an area of about 200 Å
2
 for optimal packing. Hence, the critical 

areas towards the end of the phase transition at 35 mN/m should yield
 
a tightly packed film 

with optimized topology. 

 

5.3.7 Langmuir-Blodgett Film Characterization using UV-visible and IRRAS 

Spectroscopy Methods  

LB films were deposited either as monolayers or multilayers onto glass substrates at 

33 mN/m and studied by UV-visible, IR reflection/absorption spectroscopy (IRRAS),
21 

and 

contact angle measurements. This characterization yielded pivotal understanding of the 

chemical composition and orientation of the resulting films. The UV-visible and IRRAS 

response of a single monolayer cannot be detected accurately and best results were obtained 

for films with 25-50 layers on glass. The general π → π* and LMCT features present in the 

solution spectrum  of 1 were clearly maintained,
14,16a

 but evident changes were observed: the 

intensification of the N-Fe(III) LMCT band at 330 nm, the hypsochromic shift of the in- and 

out-of-the-plane PhO
-
-Fe(III) band at 470 nm, and a new component at ca. 400 nm. The UV-

visible spectrum obtained for LB film in comparison to its solution spectrum is shown in 

Figure 5.7.   
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Figure 5.7. Comparison between UV-visible spectra of complex 1 and its LB film (50 layers) 

on glass.  

This new band is a phenolate-to-azomethine CT associated to amine/imine conversion 

of the ligand that takes place at the air/water interface. The conversion of 1 to 1
i
 (Scheme 

5.3) was followed by UV-visible and ESI mass spectrometry methods.  
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Scheme 5.3. Amine/imine conversion. 

 The amine/imine conversion was monitored by UV-visible spectroscopy and mass 

spectrometry using two methods. During the first method, the measurement was carried out 

using a freshly prepared solution of complex 1 in 9:1 methanol/water under constant 

concentration of dioxygen gas contained in the cuvette. The observed spectral changes are 

shown in Figure 5.8 and the mass spectrometry data obtained for the product recovered from 

1 in 9:1 methanol/water is shown in Figure 5.9.  
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Figure 5.8. UV-visible monitoring of amine/imine conversion in 9:1 methanol/water 

mixture. 
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Figure 5.9. Mass spectrum of product recovered from 9:1 methanol/water. ESI (m/z
+
) in 

CH3OH = 962.5433 for [C57H81N2O7Fe + H
+
]. 
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 During the second method, the LB film that was deposited onto a glass substrate was 

dissolved in dichloromethane and then UV-visible and mass spectrometry data were 

measured. The observed UV-visible spectrum for the dissolved LB film in comparison to 

complex 1 (in solution) and LB film (solid) are shown in Figure 5.10. The mass 

spectrometry data obtained for the dissolved LB film is shown in Figure 5.11. 

 

Figure 5.10. UV-visible spectral data for LB film dissolved in dichloromethane. 
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Figure 5.11. Mass spectrum of recovered LB film. ESI (m/z
+
) in CH2Cl2 = 962.5452 for 

[C57H81N2O7Fe + H
+
]. 

 Except for these two methods, the amine/imine conversion of complex 1 was directly 

monitored by matrix assisted ionization vacuum (MAIV) mass spectrometry.
22,23

 In this 

method, the LB monolayer of complex 1 that was deposited onto a glass substrate was 

directly analyzed. The LB monolayer of 1 was introduced to the mass spectrometer using    
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3-nitrobenzonitrole (3-NBN) as a matrix in acetonitrile/water. Then, the results were 

compared with the bulk sample that was measured under similar conditions. The results 

obtained for the LB monolayer and bulk sample are shown in Figure 5.12. According to the 

observed data, the bulk sample of complex 1 showed a molecular ion peak at (m/z) 964.8 

which belongs to [C57H83N2O7Fe + H
+
], and the LB monolayer showed the molecular ion 

peak at (m/z) 962.7 which belongs to [C57H81N2O7Fe + H
+
]. A shift of 2 Da was observed for 

the mass spectrum of LB film when compared to the bulk material. Therefore, MAIV mass 

spectrometry data further suggested that an amine/imine conversion of 1 to 1
i
 was taking 

place at the air/water interface.  

 

Figure 5.12. MAIV mass analysis for complex 1 (a) bulk sample and (b) LB monolayer 

(Isotopic distributions are shown in the insets). 
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i
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As this peak is absent in the bulk IR of 1 and not associated with adventitious moisture, it 

further validates the intraligand conversion.  

 

Figure 5.13. Comparison between IR of 1 in KBr, the IRRAS of 1
i
 LB film (50 layers), and 

moisture at 30°, s-polarized light. 
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(Figure 5.14). Relevant CH2 symmetric and antisymmetric stretching vibrations were 
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21,25
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with a highly ordered  and well packed film. This relationship requires caution because the 

CH2 contribution is smaller than that observed for the CH3 groups. 

Full-length spectra 

 

Fingerprint region 

 

Figure 5.14. Comparative IR and IRRA spectra for 1, 1
i
, and LB film. 
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 Each molecule of 1
i
 contains twenty methyl groups (eighteen attached to the 

phenolates and two to the alkoxy chain) and only six CH2 groups (four in the alkoxy chains 

and two in the methylaminophenolate moiety). Therefore, analysis of the film cannot be 

based on the intensity of the signals but rather on the peak position. Indeed the CH3 peaks 

shift from 2954 cm
-1

 in the bulk sample to 2962 cm
-1

 in the film (Figure 5.15).  

 

Figure 5.15. IRRA spectrum (50 layers deposited onto glass substrates, s-polarization and 

incidence angle of 30°) of CHn stretching region for 1
i
 compared to its bulk infrared 

spectrum. 

 Another significant feature observed in IRRAS is that bands in the C—H stretching 

region are pointing upward while bands in the finger print region are pointing downward. In 

IRRAS this inversion is related to the detection of two forms of bands namely positive 

(upward) and negative bands (downward). This phenomenon can be generally explained 

using the surface selection rules which states that when the films are deposited on metal 
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substrates, the vibrations with perpendicular transition dipole moments show positive 

absorption bands while the vibrations with parallel transition dipole moments are 

undetectable. On the other hand, if the films are deposited on to dielectric substrates, then the 

positive bands are shown for vibrations with perpendicular transition dipole moments, and 

negative bands for vibrations with parallel transition dipole moments can be detected where  

θ < θB. This type of inversion of absorption bands can be observed for anisotropic films with 

high molecular order within the film.
26

  

Considering the average area at collapse reported above, this data corroborates the 

notion of a well packed film where the iron/phenolate moiety points outwards. Although the 

intrinsically complex molecular structure of 1
i
 prevents proposing a tilt angle of alignment, 

further information about the orientation of the molecules can be gathered by the static 

contact angle of the compound on glass as measured by a KSV CAM 200 goniometer at 

room temperature. The film yields a value of 85.30° ± 0.65°, compared to 7.45°
 
± 0.42° for 

the glass substrate alone, thus confirming its hydrophobic nature. 

 

5.3.8 Langmuir-Blodgett Film Characterization using Atomic Force Microscopy (AFM) 

LB films were deposited either as monolayers or multilayers onto quartz and mica 

substrates to investigate by AFM. This characterization was helpful in understanding the 

morphology, surface roughness, and thickness of the resulted films. The morphology of the 

LB-monolayer of 1
i
 deposited on mica at surface pressures of 10, 25, 30, 33, and 40 mN/m

 

was measured by AFM. At low surface pressures the monolayer showed large pinhole 

defects that become smaller and less frequent as the surface pressure increases as shown in 
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Figure 5.16. At 33 mN/m the monolayer becomes smooth, being optimal for 

nanofabrication. 

  

Figure 5.16. Surface morphology of monolayers of 1
i
 at different surface pressures. LB 

monolayer deposited on mica substrates (a) at 10 mN/m, (b) at 25 mN/m, (c) at 30 mN/m, (d) 

at 33 mN/m, and (e) at 40 mN/m for complex 1
i
. The scan size is 5 μm and the Z range is 10 

nm for all images. 

At higher surface pressures the film becomes rougher due to material aggregation. In 

multilayer films, the surface roughness increases with an increasing number of layers 

(Figure 5.17 and Table 5.3) and more particles tend to aggregate to the surface of the film. 

(a) 10mN/m (b) 25mN/m

(d) 33mN/m (e) 40mN/m

1 μm 1 μm

1 μm 1 μm

(c) 30mN/m

1 μm
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Figure 5.17. Surface roughness measurements of 1-15 LB layers of 1
i
. AFM height images 

(left) and 3D surface plots (right) of complex 1 deposited on mica substrate with (a, b) 1; (c, 

d) 5; (e, f) 11; (g, h) 15 layers. The scan size is 5 μm and the Z range is 10 nm for all images. 

(a) 1 layer: 0.3  0.1 nm

1 μm

(c) 5 layer: 0.6  0.1 nm

1 μm

(e) 11 layer: 1.1  0.1 nm

1 μm

(g) 15 layer: 1.0  0.1 nm

1 μm

(b) 

(d) 

(f) 

(h) 
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 The thickness of a single monolayer was determined on quartz substrates containing 

1 to 15 layers by blade-scratching the film and measuring the scratch depth in the tapping 

mode (Figure 5.18 and Table 5.3). The resulting values yielded a linear relationship between 

thickness and number of layers indicating homogeneous film deposition (Figure 5.18d). 

 

Figure 5.18. AFM height images and sectional analysis of 1
i
 (15 layers) on quartz. (a) 2D 

view, (b) 3D view, (c) sectional analysis along the black solid line, and (d) plot between the 

thickness (nm) vs. number of layers from 1 to 15 layers. 
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Number of 

Layers 

Surface Roughness 

(nm) 

Thickness of the Film 

(nm) 

1 0.3 ± 0.1 1.9 ± 0.2  

5 0.6 ± 0.1 10.4 ± 1.0  

11 1.1 ± 0.1 16.3 ± 0.5  

15 1.0 ± 0.1 26.3 ± 1.6  

 

Table 5.3. Summary of AFM data for mono- and multilayers of 1
i
. 

 Each layer was approximately 19  2 Å thick, and based on available 

crystallographic data for related complexes, the approximate length of 1
i
 reaches 15-17 Å. 

With an estimated 12 Å between the catechol-like oxygen atoms and the bulky terminal tert-

butyl groups,
14,16

 these results are in excellent agreement with the notion of a true monolayer.  

Thus, taking into account the shift in the pronounced CH3 peak from IRRAS, the thickness of 

the monolayer gathered by AFM, and the hydrophobic nature of the film, it is possible to 

conclude that the LB film of 1
i
 is composed of well-packed molecules where the alkoxy 

chains are in contact with the solid substrate and the tert-butyl rich iron/phenolate moiety 

points outwards at the air/solid interface. 

 

5.3.9 Device Fabrication and Current-Voltage Measurements  

After gaining knowledge about the monolayers at air/water and air/solid interfaces, 

the device fabrication was carried out for complex 1. The Langmuir monolayer of 1
i
 was 

transferred at 33 mN/m
 
onto a precleaned gold-coated mica substrate to yield a defect-free 

film. After drying the monolayer for 5 days under reduced pressure, an Au|1
i
LB|Au device 
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was built. The top gold electrode was deposited with an EffaCoater gold sputter via the 

shadow masking method using argon as the carrier. Three assemblies with an average of 16 

devices each were fabricated and the current–voltage (I-V) characteristics were reproducibly 

measured in four to five devices per assembly using a Keithley 4200 semiconductor 

parameter analyzer and a Signatone S-1160 Probe Station at ambient conditions. A few 

devices were short-circuited, likely because of monolayer defects.
6d

 An optical micrograph of 

the fabricated devices and the schematic view of the device layout are shown in Figures 

5.19. 

 

Figure 5.19. (a) An optical micrograph of the device and (b) schematic view of device 

layout. 

In each of these I-V measurements, a higher current was observed in the third 

quadrant than in the first quadrant. This asymmetric I-V characteristic of a sharp negative 

response and a negligible positive response was indicative of rectification behavior, as shown 

in Figure 5.20. 

(a) (b) 
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Figure 5.20. I-V characteristic of complex 1
i
 from 4 to -4 V. 

 The rectification ratio (RR = [I at -Vo/I at +Vo])
6d

 for the monolayer of 1
i
 varied from 

4.52 to 12 between -2 to +2 V and from 2.95 to 36.7 between -4 to +4 V, respectively. 

Reversing the drain and the source contacts led to a reversed current response, thus 

demonstrating the retention of the rectification behavior (Figure 5.21c). Upon repeating 

scans, the current responce droped and the I-V behavior displayed increased symmetry 

(Figure 5.21e, f). This phenomenon has been observed for organic materials and is 

tentatively explained by the reorganization of dipole moments in presence of high electric 

fields in order to attain a stable monolayer by decreasing their energy.
6d 

These results further 

indicate that the rectifying behavior of the current response is directly associated with the 

presence of the LB film of 1
i
.  
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Figure 5.21. I-V characteristic of complex 1
i
.  (a) from 4 to -4 V, (b) response observed after 

multiple scans between 4 to -4 V, (c) response observed for reversed applied potentials, (d) 

response observed from 2 to -2 V, and (e), (f) the symmetrical response observed after 

multiple scans. 

 Although the exact origin of the rectifying behavior is not certain, unimolecular 

contribution can be assumed as viable, and a description of the possible [DA] and [D
+
A

-
] 

states becomes relevant.
4b,c,5b,6d,27 

The redox behavior of 1 in dichloromethane gives clues of 

allowed oxidation states, as the reduction Fe(III)  Fe(II) has been observed, but not the 

oxidation Fe(III)  Fe(IV). Conversely, the PhO
- 
 PhO

• 
oxidation from phenolate to 

phenoxyl has been observed while the formation of any reduced anionic radical remains 

unseen for these ligand systems. Thus, it is viable to propose the involvement of        
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Au|PhO
-
—Fe

III
|Au and Au|PhO

•
—Fe

II
|Au states, where the LUMO of the ansatz is metal-

based and the HOMO is ligand-centered. Although further consideration will be necessary, 

DFT calculations for similar systems
14

 suggest that partially occupied metal-based SOMOs 

might be energetically accessible. 

 

5.4 Conclusions 

 This chapter presented the synthesis and thorough characterization of a new [N2O3] 

ligand and its pentacoordinate iron(III) complex. The balanced amphiphilic nature of 1, along 

with imine conversion into 1
i
 at the air/water interface, was pivotal in optimizing the 

properties of defect-free LB monolayers, as confirmed by spectroscopic and microscopic 

methods. Furthermore, the asymmetric nature of the complex seemed useful in designing 

suitable precursors with current rectifying properties, as indicated by the I-V characteristics 

of fabricated devices. Asymmetrical responses indicative of rectifying behavior were 

observed for well-ordered LB monolayers of 1
i
 sandwiched between two gold electrodes. 

Considering the molecular structure of 1
i
 along with the associated I-V characteristics, 

suggested that the phenolate moiety and the metal center play a role as electron-donors and 

electron-acceptors in the generation of a directional flow of current. This example of 

rectification based on an asymmetric coordination complex paves the road towards the 

investigation of enhanced nanoscale rectifying devices in greater detail. Also, this study 

indicated that the optimization of molecular structures containing new iron(III) complexes 

with different donating and withdrawing substituents is able to modulate the Fe(III) to Fe(II) 

and the PhO
- 

to PhO
•
 redox couples and amphiphilic or hydrophobic characters to yield 

defect-free LB films. The determination of the extent by which redox potentials enhance 
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rectification will allow to consider the magnitude of asymmetric versus unimolecular 

contributions.  
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CHAPTER 6  

EVALUATION OF THE BEHAVIOR OF SALOPH-TYPE IRON(III) COMPLEXES 

WITH [N2O2] DONOR SETS IN RECTIFYING DEVICES 

6.1 Introduction 

As stated by Moore’s law,
1
 due to the miniaturization process of electronic 

components,
2,3,4

  the use of inorganic semiconductor materials will face challenges in the 

near future. Inevitable problems associated with reducing the size of semiconductor chips are 

the leakage of current due to heat dissipation and the cost associated with necessary 

technology to reduce the chip size.
5
 As an innovative concept to overcome these problems, 

the molecular electronics field emerged. As a first attempt to address the use of small 

molecules in electronics field, Aviram and Ratner
6
 proposed a theoretical model of a single 

molecule that could act as a molecular rectifier. Molecular rectifiers can be defined as 

molecules with unidirectional flow of electrical current or which, can direct electrical current 

to flow only in one direction (asymmetric flow of current). With the concept of using 

molecules in electronics field, new organic and inorganic materials with different geometric, 

electronic, and magnetic properties were developed as potential candidates to be used as 

molecular switches,
7
 molecular wires,

8
 transistors,

9
 capacitors,

10
 and molecular diodes.

10
 The 

most important characteristic that should be fulfilled by these molecules is to have an 

efficient electron transfer process. Therefore, redox-active molecules play an important role 

when designing precursors for molecule-based electronics. Redox behavior can be introduced 

by incorporating redox-active ligands or redox-active metals into a system. However, if one 

can incorporate redox-active ligands with redox-active metals, then the overall redox 
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properties of a particular system can be improved making them effective candidates for 

molecule-based electronics, because metal ions can be behaved as carriers for                

radial-containing ligand systems.   

In previous chapters, I reported a large number of new asymmetric molecules with 

well-behaved redox properties. In these systems, phenolate moieties played a huge role in 

achieving the redox properties.
11,12,13,14,15

 Recently, I presented a new redox active iron(III) 

metallosurfactant that demonstrated current rectification behavior when sandwiched between 

two gold electrodes.
16

 This iron(III) complex exhibited a phenolate-based, electron-donor (D) 

and an iron(III)-based, electron-acceptor (A). However, the current rectifying mechanism for 

this system was not well-understood. Current rectification can occur via different 

mechanisms, namely Schottky, asymmetric, and unimolecular.
17

 Because the Schottky 

mechanism relies on electrodes with different work functions, this is not be viable for the 

above mentioned iron(III) system. In search of new systems for current rectification and to 

propose a plausible current rectifying mechanism for iron(III) complexes, a new class of 

saloph-type iron(III) complexes were designed.   

This chapter will present the development of new saloph-type iron(III) complexes as 

well as their electronic, redox, and current rectifying behavior. With the aid of 

electrochemical and density functional theory (DFT) calculations, a plausible electron 

transfer pathway during current rectification will also be discussed in this chapter. These new 

iron(III) complexes showed a [N2O2]-type binding cavity. However, the pentacoordinate 

geometry was maintained to create an asymmetric nature around the metal atom. By varying 

the substituents on the phenolate moiety, the electronic, redox, and amphiphilic properties of 
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the resulting complexes were modulated. The desired ligands and iron(III) complexes are 

shown in Scheme 6.1. 

 

 

Scheme 6.1. Ligands described in chapter 6 and their respective iron(III) complexes. 

 

6.2 Experimental Section 

6.2.1 X-ray Structural Determinations for complex 2 

A dark green crystal of [Fe
III

L
NO2

], (2) with dimensions 0.36 × 1.09 × 0.25 mm was 

mounted on a mitogen loop using paratone oil. Data were collected on a Bruker APEX-II 

Kappa geometry diffractometer with Mo radiation and a graphite monochromato using a 
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Bruker CCD (charge coupled device) based diffractometer equipped with an Oxford 

Cryostream low-temperature and was measured at a temperature of 100 K with omega and 

phi scans of 0.5° per frame for 20 s.  The crystal was solved to a resolution of 0.74 Å with a 

completeness of 100%. The structures were solved by direct methods using the SHELXS-97 

program in APEX II suite and refined by least squares method on F
2
, SHELXL-97 and 

OLEX2. A total of 200653 reflections were collected with 17566 unique reflections. An 

independent molecule along with four dimethyl sulfoxide molecules was present in the 

asymmetric unit cell. 
 
Hydrogen atoms were placed in calculated positions.   

6.2.2 Computational methods used for complex 1 
 

All the calculations were performed using DFT
18

 with a development version of 

Gaussian,
19

 using B3LYP
20,21

 functional with SDD basis set and pseudopotentials
22,23,24 

on 

the metal centers, iron and copper, and 6-31G(d,p) basis
25,26 

on the other atoms. To reduce 

the computational cost, a slightly modified model was used where the methoxyethoxy 

substituents of the phenylenediamine moiety were replaced by methoxy groups. All 

optimized structures were confirmed as minima by analyzing the harmonic vibrational 

frequencies. Solvation effects (in dichloromethane) were accounted for using the implicit 

SMD
27

 continuum solvation model and were included during structure optimization. 

Isodensity plots of orbitals were visualized using Gauss View.
28

 Vertical electronic excitation 

energies and intensities were evaluated using time-dependent DFT (TD-DFT),
29,30,31

 and the 

orbital transitions of each excited state were characterized using the natural transition orbital 

(NTO) method.
32

 The calculations of the oxidation and reduction potentials of the complexes 

included zero-point energy and thermal corrections and standard thermodynamic equation 
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∆G = -nFE was used. The calculated potentials were referenced to a calculated value of E1/2 = 

4.35 V for the ferrocene/ferrocenium couple under the level of theory used. 

6.2.3 Syntheses of Ligands  

Synthesis of 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine was carried out as 

previously described.
16

 3,5-Di-tert-butyl-2-hydroxybenzaldehyde and 2-hydroxy-5-

nitrobenzaldehyde were used as received from Sigma Aldrich. 

Synthesis of ligand [H2L
tBu

], 6,6'-(1E,1'E)-(4,5-bis(2-methoxyethoxy)-1,2-

phenylene)bis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidene)bis(2,4-di-tert-butylphenol).  

To a stirred solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (1.99 g, 8.51 mmol) 

in dry methanol (30 mL) was added a solution of 4,5-bis(2-methoxyethoxy)benzene-1,2-

diamine (1.09 g, 4.25 mmol) in anhydrous methanol (20 mL). The mixture was heated at 

reflux for 18 hours under inert conditions. The resulting dark orange turbid solution was 

stored at 4 C° for 18 hours. The obtained precipitate was filtered, washed with cold 

methanol, and dried under vacuum to attain a dark orange microcrystalline powder.       

Yield: 78.3%. ESI (m/z
+
) in CH2Cl2 = 689.4525 for [C42H60N2O6 + H

+
] (calculated = 

689.4530) in agreement with -0.7 ppm difference. 
1
H NMR, ppm (CDCl3, 400 MHz):  

1.305-1.453 (m, 36H
tBu

), 3.459 (s, 6H
OCH3

), 3.794 (t, 4H
OCH2

), 4.236 (t, 4H
 OCH2

), 6.884 (s, 

2H
ph

), 7.196 (d, 2H
ph

), 7.411 (d, 2H
ph

), 8.635 (s, 2H
CH

). IR (KBr, cm
-1

) 3245 (νO-H), 2811-

2957 (νC-H), 1616 (νC=C, aromatic), 1511 (νC=C, aromatic), 1578 (νC=N), 1266 (νC-O-C), 1129 

(νC-O-C). 
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Synthesis of ligand [H2L
NO2

], 2,2'-(1E,1'E)-(4,5-bis(2-methoxyethoxy)-1,2-

phenylene)bis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-ylidene)bis(4-nitrophenol). 

To a stirred mixture of 2-hydroxy-5-nitrobenzaldehyde (1.29 g, 7.714 mmol) in 

anhydrous methanol (10 mL) and dichloromethane (40 mL) was added a solution of 4,5-

bis(2-methoxyethoxy)benzene-1,2-diamine (0.66 g, 2.575 mmol) in anhydrous methanol (30 

mL). The mixture was heated at reflux for 18 hours under dark and inert conditions. The 

reaction mixture was cooled to ambient temperature and the solvent was removed to half of 

its original volume under reduced pressure. The dark orange precipitate obtained was filtered 

and washed with methanol. Then the precipitate was recrystallized from hot dimethyl 

sulfoxide. The obtained dark orange crystalline product was filtered, washed with methanol, 

and dried under vacuum. Yield: 46.8%. ESI (m/z
+
) = 555.1736 for [C26H26N4O10 + H

+
] 

(calculated = 555.1727) in agreement with 0.9 ppm difference. 
1
H NMR, ppm (DMSO-d6, 

400 MHz):   3.347 (s, 6H
OCH3

), 3.721 (t, 4H
OCH2

), 4.237 (t, 4H
 OCH2

), 7.046 (d, 2H
ph

), 7.303 

(s, 2H
ph

), 8.2 (dd, 2H
ph

), 8.697 (d, 2H
ph

), 9.182 (s, 2H
CH

). IR (KBr, cm
-1

) 2827-3077 (νC-H), 

1612 (νC=C, aromatic), 1528 (νC=C, aromatic), 1568 (νC=N), 1479 (νN=O), 1336 (νN=O), 1264 

(νC-O-C), 1130 (νC-O-C). 

 

6.2.4 Syntheses of Metal Complexes 

Synthesis of complex [Fe
III

L
tBu

] (1). 

A mixture of [H2L
tBu

] (0.250 g, 0.363 mmol) and anhydrous NaOCH3 (0.040 g, 0.730 

mmol) in methanol (15 mL) and dichloromethane (5 mL) was treated with a methanolic 

solution (5 mL) of FeCl3.6H2O (0.098 g, 0.363 mmol). The resulting solution was heated at 

50 °C for 4-5 hours. The reaction mixture was cooled to ambient temperature and stirred for 
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1 hour. Then, the solution was filtered and the solvent was removed to half of its original 

volume under reduced pressure. The solution was recrystallized at ambient conditions to 

yield dark brown crystals. Yield: 87.2%. ESI (m/z
+
) in CH3OH = 742.3641 (100%) for 

[C42H58N2O6Fe
+
] (calculated = 742.3644) in agreement with -0.4 ppm difference. Anal. Calc. 

for [C42H58ClFeN2O6]: C, 64.82; H, 7.51; N, 3.60%. Found: C, 65.19; H, 7.48; N, 3.69%. IR 

(KBr, cm
-1

) 2819-2956(νC-H), 1606(νC=C, aromatic), 1507(νC=C, aromatic) 1585 (νC=N), 1273 

(νC-O-C), 1131 (νC-O-C). 

 

Synthesis of complex [Fe
III

L
NO2

] (2). 

A mixture of [H2L
NO2

] (0.200 g, 0.361 mmol) and anhydrous NaOCH3 (0.039 g, 

0.720 mmol) in dichloromethane (30 mL) and dimethyl sulfoxide (5 mL) was treated with a 

methanolic solution (10 mL) of FeCl3.6H2O (0.098 g, 0.361 mmol). The resulting solution 

was heated at reflux for 20 hours. The reaction mixture was cooled to ambient temperature. 

The solvent was concentrated to half of its original volume, and diethyl ether (50 mL) was 

added to the solution to give a dark green microcrystalline product. The microcrystalline 

product was recrystallized from dichloromethane and dimethyl sulfoxide mixture (6:1, 21 

mL) to obtain X-ray quality single crystals. Yield: 33.1%. ESI (m/z
+
) = 1233.1945 for 

[C52H48Fe2N8O21 + H
+
]. Anal. Calc. for [C52H48Fe2N8O21.4(CH3)2SO]: C, 46.64; H, 4.70; N, 

7.25%. Found: C, 46.69; H, 4.13; N, 7.84%. IR (KBr, cm
-1

) 2828-2932(νC-H), 1608(νC=C, 

aromatic), 1517(νC=C, aromatic) 1585 (νC=N), 1271 (νC-O-C), 1133 (νC-O-C), 1461 (νN=O), 1334 

(νN=O). 
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6.3 Results and Discussion 

6.3.1 Ligand Rationale, Synthesis, and Characterization 

This chapter will address the development of new precursors which can behave as 

current rectifiers and propose a plausible current rectifying mechanism for phenolate 

coordinate iron(III) complexes. Therefore, new saloph-type ligands with [N2O2] donor sets 

and their iron(III) complexes were designed and synthesized. In these metal complexes, 

electron-donating tert-butyl groups and electron-withdrawing nitro groups were occupied on 

the phenolate moieties to modulate the redox and electronic properties. Methoxyethoxy 

groups were substituted on the fourth and fifth positions of the phenylenediamine moiety to 

introduce amphiphilic character into these systems. Ligands [H2L
tBu

] and [H2L
NO2

] were 

synthesized by reacting one equivalent of 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine 

with two equivalents of 3,5-di-tert-butyl-2-hydroxybenzaldehyde and 2-hydroxy-5-

nitrobenzaldehyde, respectively under inert atmospheric conditions. The reaction mixtures 

were heated at reflux for 18 h and for the synthesis of [H2L
NO2

], dark condition were used (2-

hydroxy-5-nitrobenzaldehyde is light sensitive). After following recrystallization methods, 

[H2L
tBu

] from methanol and [H2L
NO2

] from hot dimthyl sulfoxide, purified ligands were 

isolated. Then ligands were reacted with one equivalent of FeCl3.6H2O and two equivalents 

of NaOCH3 to result in the metal complexes [Fe
III

L
tBu

] (1) and [Fe
III

L
NO2

] (2). The synthetic 

pathway to obtain ligands and metal complexes are shown in Scheme 6.2. These ligands and 

metal complexes were structurally characterized using multiple techniques such as infrared, 

NMR, ESI-mass spectrometry, and CHN elemental analysis. IR spectroscopic data showed 

symmetric and asymmetric C‒H stretching vibrations in the regions of ~ 2820-2960 cm
-1

. 

The C=N stretching vibrations appeared at 1585 cm
-1

. High resolution ESI-mass 
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spectrometry data showed peak clusters of [M
+
] for complex 1 and [M+H

+
] for ligands as 

well as for complex 2. Peak positions and isotopic distribution patterns matched between 

experimental and simulated data.  

 

Scheme 6.2. Synthesis of ligands and iron(III) complexes. 
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6.3.2 Molecular Structure Data 

X-ray quality dark green single crystals were obtained for complex 2 from 

dichloromethane and dimethyl sulfoxide solvent mixture (6:1). Attempts to grow X-ray 

quality single crystals for complex 1 were unsuccessful. Complex 1 was isolated as fibrous 

bundles of dark brown crystals from methanol dichloromethane solvent mixture (2:1). In 

these cases, slow evaporation method was used for the recrystallization of metal complexes. 

The X-ray crystallographic structure of complex 2 is shown in Figure 6.1. Important 

structure parameters, and selected bond distances and angles are given in Table 6.1 and 6.2, 

respectively. The crystal structure data of complex 2 showed the formation of a μ-oxo-

bridged di-iron species with a Fe1‒O3‒Fe2 core. The two imine nitrogens and the two 

phenolate oxygens of the ligand occupied the same plane, and the bridging oxygen atom, O3 

occupied the axial position. The two iron(III) centers (Fe1 and Fe2) showed τ value of 0.119 

and 0.097, hence showed a distorted square pyramidal geometry around both the iron(III) 

centers. The μ-oxo bridge showed bond distances of, 1.782 Å for Fe1-O3 and 1.779 Å for 

Fe2-O3 bonds, respectively. Complex 2 also showed a Fe1—Fe2 distance of 3.561 Å. These 

bond distances are in the same range as other reported μ-oxo-bridged di-iron species, where 

Fe—O bond is between 1.75 and 1.80 Å and Fe—Fe distance is ~3.35-3.55 Å.
33,34,35,36,37 

The 

cavity of the crystal structure showed Fe—Ophenolate bond distances of Fe1—O2, 1.932; 

Fe1—O1, 1.913; Fe2—O4, 1.924; Fe2—O5, 1.921 Å and Fe—Nimine bond distances of 

Fe1—N3, 2.103; Fe1—N4, 2.110; Fe2—N1, 2.102; Fe2—N2, 2.111 Å. Therefore, the Fe—

Ophenolate bond distances were found to be longer than the other observed saloph-type iron(III) 

monomeric species, but with usual Fe—Nimine bond distances of other reported μ-oxo bridged 

diiron complexes.
38

 Fe1‒O3‒Fe2 angle was found to be 150.69°. This data further indicated 
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that the Fe1 and Fe2 centers were distorted in geometry and were asymmetrically bonded to 

the ligand. The C-N imine bonds (N1—C7, 1.285; N2—C13, 1.288; N3—C39, 1.301; N4—

C26, 1.293 Å) showed an average bond distance of 1.29 Å, which is typical for C=N bond 

found in the literature.
39

  

 

Figure 6.1. X-ray crystal structure data of complex 2. 
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 Complex (2) 

Formula C60H72N8O25S4Fe2 

M 1545.20 

T/K 100.1 

Space group P(-1) 

a/Å 14.2608(9) 

b/Å 14.9219(9) 

c/Å 18.1654(11) 

α/° 76.882(4) 

β/° 69.115(4) 

γ/° 72.261(4) 

V/Å
3
 3409.3(4) 

Z 2 

Dcalc/ g cm
-3

 1.505 

μ/ mm
-1

 0.634 

λ/ Å 0.71073 

R(F) (%) 6.69 

Rw(F) (%) 16.26 

 

a
R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│; Rw(F) = [∑w(Fo

2
 – Fc

2
)
2 
/ ∑w(Fo

2
)
2
]
1/2 

for I > 2σ(I) 

Table 6.1.  Important crystal structure parameters
a
 for complex 2. 
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Complex (2) 

Fe1-O3 1.782(2) O4-Fe2-N1 149.00(11) 

Fe1-N3 2.103(3) N1-Fe2-N2 76.85(11) 

Fe1-O2 1.932(2) O5-Fe2-O4 90.42(11) 

Fe1-N4 2.110(3) O5-Fe2-N2 143.16(11) 

Fe1-O1 1.913(3) O5-Fe2-N1 87.15(11) 

Fe2-O3 1.779(2) O3-Fe1-N3 106.60(11) 

Fe2-O4 1.924(2) O3-Fe1-O2 110.48(11) 

Fe2-N2 2.111(3) O3-Fe1-N4 97.88(11) 

Fe2-N1 2.102(3) O3-Fe1-O1 108.33(12) 

Fe2-O5 1.921(3) N3-Fe1-N4 77.05(11) 

N1-C7 1.285(4) O2-Fe1-N3 86.95(11) 

N2-C13 1.288(5) O2-Fe1-N4 150.50(11) 

N3-C39 1.301(5) O1-Fe1-N3 143.36(11) 

N4-C26 1.293(5) O1-Fe1-O2 90.99(11) 

O3-Fe2-O4 110.13(11) O1-Fe1-N4 87.54(11) 

O3-Fe2-N2 104.02(11) Fe2-O3-Fe1 150.69(17) 

O3-Fe2-N1 99.48(11)   

O3-Fe2-O5 111.30(12)   

O4-Fe2-N2 87.02(11)   

 

Table 6.2. Selected bond lengths (Å) and angles (°) for complex 2. 
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6.3.3 Electronic Spectral Properties  

UV-visible spectra of [H2L
tBu

] and complex 1 were measured in 1.0 × 10
-5

   mol•L
-1

 

dichloromethane solutions. The ligand [H2L
NO2

] and complex 2 were dissolved in 

dichloromethane and dimethyl sulfoxide solvent mixture (19:1) to prepare a  1.0 × 10
-3

 

mol•L
-1

 solution, and then the dilution was carried out using dichloromethane to make                   

1.0 × 10
-5

 mol•L
-1 

solutions. The observed UV-visible spectra for ligands and metal 

complexes are shown in Figure 6.2, and the λmax values are given in Table 6.3. 

Uncoordinated ligands, [H2L
tBu

] and [H2L
NO2

] showed intense absorption bands in the range 

of 275-370 nm. These bands can be attributed to intraligand π→π* charge transitions. Time-

dependent DFT (TD-DFT)
29,40,41

 calculations along with the natural transition orbital (NTO) 

method
42

 were used to characterize these bands using ligand [H2L
tBu

]. All these absorptions 

were assigned as intraligand π→π* charge transitions (Figure 6.3). Two types of excitations 

were observed: (i) from the donor orbitals having predominant phenylenediamine character 

to the acceptor orbitals which are mainly π* on imine and (ii) from the phenoxyl-based donor 

orbitals to the imine-based π* acceptor orbitals. 

Iron(III) complexes showed intense absorption bands in the region of 300-600 nm. 

Complex 1 showed bands at 310, ~ 351, ~ 395, and ~ 447 nm with ε ranging from 19210 to 

49920 L•mol
-1

•cm
-1

. Complex 2 showed absorption bands at 280, 312, 341, 373, and ~ 440 

nm with ε ranging from 23620 to 53075 L•mol
-1

•cm
-1

. Bands at ~ 310-400 nm can be 

assigned as ligand to metal charge transfer transitions (LMCT), originating from phenolate pπ 

orbitals to dσ* and dπ* of the iron(III) metal center.
43,44,45

 The other bands belong to 

intraligand π→π* charge transfer transitions (ILCT) as observed for similar species.
46

       

TD-DFT calculations on complex 1 showed that there are three intense absorption bands in 
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the region of 367-383 nm. All of them can be characterized as LMCT transitions. The donor 

orbitals are (i) the π orbital delocalized on the phenylenediamine moiety, (ii) the p-orbital of 

phenolate oxygens, and (iii) the pπ orbital on the chloride ligand. The acceptor orbitals are dπ* 

and dσ* orbitals of the metal center. A new absorption was found at 459 nm, which is 

characterized to be a π→π* intraligand charge transfer transition (Figure 6.4). 

 

 

Figure 6.2. UV-visible spectra of (a) ligands (H2L
tBu

 and H2L
NO2

) and (b) iron(III) 

complexes (1 and 2) in 1.0 × 10
-5

 mol•L
-1

  solutions. 
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Compound λmax (nm), ε (L•mol
-1

•cm
-1

) 

[H2L
tBu

] 283 (27720), 358 (26719) 

[H2L
NO2

] 276 (18836), 319 (22005), 370 (15097) 

(1) 310 (49917), ~351 (40362), ~395 (30516), ~447 (19210) 

(2) 280 (36984), 312 (46688), 341 (53075), 373 (49493), ~440 (23620) 

 

Table 6.3. UV-visible spectroscopic data for ligands (H2L
tBu

 and H2L
NO2

) and their iron(III) 

complexes (1 and 2) in 1.0 × 10
-5

 mol•L
-1

 solutions. 
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Figure 6.3. TD-DFT spectrum and NTOs (isodensity value of 0.05 a.u.) of the excitations of 

reasonable intensity for the uncoordinated ligand [H2L
tBu

].     
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Figure 6.4. TD-DFT spectrum and NTOs (isodensity value of 0.05 a.u.) of the excitations of 

reasonable intensity for the complex 1. 

 

6.3.4 Electrochemical Data of Iron(III) Complexes 

The cyclic voltammograms of iron(III) complexes 1 and 2 were recorded in             

1.0 × 10
-3

 mol•L
-1

 dichloromethane and 19:1 dichloromethane/dimethyl sulfoxide solutions, 

respectively, using TBAPF6 as the supporting electrolyte. All the potential values were 

recorded versus the Fc
+
/Fc couple. The cyclic voltammograms and their redox potential 

values are shown in Figure 6.5 and Table 6.4, respectively. Complexes 1 and 2 showed 
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metal- and ligand-centered redox processes in their cyclic voltammograms. Complex 1 

showed a single electron reversible redox process at -1.02 V with ΔEp of 0.12 V, and 

complex 2 showed reversible process at -0.57 V with ΔEp of 0.12 V. According to DFT 

calculations, these two cathodic processes can be assigned as Fe
III

/Fe
II
 redox couple. The 

lower redox potential observed for complex 2, when compared to complex 1 can be related to 

the electron-withdrawing nitro and electron-donating tert-butyl substituents present on the 

phenolate moieties. In complex 2, the nitro groups present on the phenolate moiety creates a 

lower electron density around the metal center when compared to complex 1. Therefore, in 

complex 2, the Fe
III

/Fe
II
 reduction can happen at a lower potential when compared to 

complex 1. Apart from the metal-centered process, complex 1 showed one reversible process 

at 0.64 V (ΔEp, 0.12 V) and one quasi-reversible single electron anodic process at 1.05 V 

(ΔEp, 0.11 V). These two processes can be attributed to ligand-centered oxidations. 

According to DFT calculations, the first reversible oxidation process can be assigned as the 

oxidation of the phenylenediamine moiety. Thomas et al. also observed a similar oxidation 

process for copper(II) salophen systems.
39

 The second oxidation process can be assigned as 

phenolate/phenoxyl redox process.
11,14,47 

Complex 2 showed an irreversible ligand-based 

oxidation process at ~ 1 V. This data further indicated that the phenoxyl radical can be 

stabilized better when there are sterically bulky electron-donating tert-butyl substituents 

when compared to electron-withdrawing nitro groups.
48

 Complex 2 showed another quasi-

reversible reduction process at ~ -1.9 V with ΔEp of   0.14 V belonging to nitro reduction. 
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Figure 6.5. Cyclic voltammograms of 1.0 × 10
-3

 mol•L
-1

 solutions of iron(III) complexes 1 

and 2. 

    

Complex 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

(1) -1.018 (0.122) 

│0.932│ 

0.643 (0.124) 

│1.078│ 

1.050 (0.110) 

(2) -1.897 (0.136) 

│0.638│ 

-0.567 (0.116) 

│0.872│ 

1.013 (Epa) 

 

Table 6.4. Cyclic voltammetry data for iron(III) complexes 1 and 2. 

 

 (1)
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To understand the electrochemical events of complex 1, a number of electronic 

structures were investigated using DFT.
18

 Complex 1 is found to be a sextet (S = 5/2) with 

high spin 3d
5 

iron(III). As shown in Figure 6.6, spin densities were computed for all the 

relevant structures to understand the electron transfer phenomena in first oxidation and first 

reduction processes.
49

  

                               

 

Figure 6.6. DFT-calculated spin density plots (isodensity value of 0.004 a.u.) with Mulliken 

spin density values (MSD) showing the oxidation and reduction processes of complex 1.  

 

The first reduction for complex 1 was found to be Fe(III)/Fe(II) reduction leading to 

high spin (S = 4/2) 1
-
 with 3d

6
 Fe(II) center. On the other hand, the first oxidation is a ligand-

based event giving rise to a radical delocalized over the di(methoxy)phenylenediamine 

moiety. This radical, being π in nature, can be coupled with a singly occupied dπ orbital of 

iron and DFT calculations show that the antiferromagnetically (AF) coupled 1
+
 with S = 4/2 

is lower in energy than the high spin state (S = 6/2) by 3.66 kcal/mol. The second oxidation 

process of complex 1 is a ligand-based phenolate/phenoxyl redox process as shown in Figure 

6.7. 
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Figure 6.7. DFT-calculated spin density plot (isodensity value of 0.004 a.u.) of 1
2+

, the 

doubly-oxidized species of complex 1. As illustrated in the diagram, the second oxidation is a 

ligand-based (phenolate/phenoxyl) for complex 1. 
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      Spin state G (a.u.) ∆G (kcal/mol) 

1 Quartet -2472.184881 10.06 

Sextet -2472.200917 0.00 

1
+
 Triplet -2472.000552 10.61 

Quintet -2472.017458 0.00 

Septet -2472.011630 3.66 

1
2+

 Doublet -2471.785440 9.08 

Quartet -2471.799911 0.00 

Sextet -2471.799556 0.22 

1
-
 Singlet -2472.294994 25.40 

Triplet -2472.311667 14.93 

Quintet -2472.335465 0.00 

Septet -2472.286940 30.45 

 

Table 6.5. DFT-calculated energetics of the possible spin states for each of the complexes 

generated electrochemically from 1.  

    

6.3.5 Spectroelectrochemical Data 

The spectroelectrochemical experiments were carried out using a dichloromethane 

solution of complex 1 to distinguish the bands associated with the electronic transitions under 

fixed potential conditions. The spectral changes observed during reduction and oxidation for 

complex 1 are shown in Figure 6.8. The measurements were recorded at ambient conditions 

using TBAPF6 as the electrolyte. The reduction experiment was carried out at -1.38 V vs. 



www.manaraa.com

241 
 

Fc
+
/Fc. During the reduction, the bands in the region between 300-400 nm and 550-750 nm 

started to decrease in intensity, with a new band appearing at 451 nm.  In the course of this 

conversion two isosbestic points appeared at 438 and 531 nm. During the reduction, because 

iron(III) transforms into iron(II), the LMCT transitions become unfavorable and start to 

decrease in intensity.
50

 Simultaneously, intraligand charge transfer transition start to increase 

in intensity. TD-DFT calculations carried out on the reduced species found new bands at 394, 

448, and 460 nm. These can be characterized as ILCT π→π* transitions. The donor orbitals 

are (i) π orbitals delocalized on the phenolate rings with significant contributions from the pπ 

orbitals of oxygens and (ii) π orbitals delocalized on the phenylenediamine moiety, while the 

acceptor orbitals are mainly imine-based π* orbitals (Figure 6.9). During the reduction 

process, the metal center becomes reduced which in turn makes the nearby phenolate oxygen 

atoms electron rich and the intensity of the ILCT transitions increase in that region (400-450 

nm). Spectroelectrochemical experiments carried out for the first oxidation process at 0.88 V 

vs. Fc
+
/Fc showed increase in intensity of all the bands, and these can be attributed to ILCT 

π→π* transitions.
39

 The appearance of new absorption bands in the near infrared region has 

been found in the spectrum. This included a prominent band at 1370 nm and a shoulder at ~ 

1160 nm, which were absent in the parent species. According to the literature, these bands 

can be attributed to intraligand charge transfer transitions originating from delocalized π 

system.
39

 TD-DFT calculations demonstrate a new band at 1274 nm in the oxidized species, 

which is absent in the neutral complex. Calculations showed that this new band is a result of 

ILCT π→π* transition, where the acceptor orbital is mainly phenylenediamine-based (Figure 

6.10). As illustrated in Figure 6.6, the oxidation of complex 1 results in a cationic radical on 
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the phenylenediamine moiety and hence, the intensity of charge transfer transitions on this 

moiety increases significantly leading to the appearance of a new band. 

 

 

Figure 6.8. Electronic spectral changes observed for (a) reduction and (b) oxidation for 

complex 1 under fixed potential conditions, inset: UV-visible region of one electron oxidized 

species. Red line; parent complex, blue line; one electron reduced species, green line; one 

electron oxidized species. 
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Figure 6.9. NTOs (isodensity value of 0.05 a.u.) of the excitations of reasonable intensity for 

the complex 1
-
.  
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Figure 6.10. NTOs (isodensity value of 0.05 a.u.) of the excitation above 1200 nm region 

with reasonable intensity for the complex 1
+
.  

    

6.3.6 Isothermal Compression Data 

 The LB film formation ability of iron(III) complexes was measured using isothermal 

compression data and Brewster angle microscopy. Solubility tests showed that complex 2 

dissolved in solvent mixtures (e.g. dichloromethane and dimethyl sulfoxide) and showed 

poor solubility in highly volatile solvents (e.g. dichloromethane, chloroform, and hexane). 

Therefore, complex 1 was further investigated for film formation and fabrication studies. 

Isothermal compression data and BAM images obtained for metal complex 1 are shown in 

Figure 6.11. When designing metal complex 1, methoxyethoxy and tert-butyl substituents 

were introduced onto phenylenediamine and phenolate moieties, respectively. This allows 

achieving a good balance between hydrophilic and hydrophobic characteristics, and 

facilitates the formation of a stable Langmuir film at the air/water interface. In complex 1, 

the molecules started to interact with each other at ~ 74 Å
2 

molecule
-1.

 The critical area of the 

compacted film was found to be ~ 71 Å
2 

molecule
-1

. The isotherm obtained for complex 1 did 

not show any phase transitions and showed a collapse pressure of ca. 40 mN/m. Complex 1 
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showed a constant pressure collapse
51

 by following the Ries mechanism
52

 as observed for 

many other metallosurfactants.
53

 Brewster angle micrographs obtained during the LB 

experiment showed a homogeneous film formation from ca. 9 to 38 mN/m without any 

defects, such as domain or Newton ring formation. Arrays of Newton rings were started to 

form at ca. 40 mN/m, to denote the collapse of the Langmuir film.
54

        

 

Figure 6.11. Compression isotherm data of complex 1 and selected BAM micrographs. 

 

6.3.7 Langmuir-Blodgett Film Characterization using UV-visible and Infrared 

Reflection Absorption Spectroscopy  

The UV-visible spectrum of LB film was recorded to evaluate the molecular 

composition of complex 1 after being deposited onto solid substrate. UV-visible spectrum of 

the films also provides additional information, such as packing topologies. Menzel et. al 
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explained that the type of peak shift provides information about the chromophore 

aggregation. A hypsochromic shift of bands demonstrates a H-type chromophore aggregation 

where as a bathochromic shift of bands denotes a J-type chromophore aggregation.
55,56

 

During the experiment, fifty depositions at 25 mN/m on glass were carried out using y-type 

dipping method. Depositions showed a transfer ratio close to unity. The film and solution 

spectra are shown in Figure 6.12. The UV-visible spectrum of the LB film of complex 1 

showed intense absorption maxima at 312 nm and 452 nm. When compared to the solution 

spectrum, absorptions at ~ 350 nm and 395 nm have been weakened in the LB film spectrum. 

Such behavior has been observed due to possible rearrangements and conformational 

changes that take place during the deposition mechanism of the molecules.
57

 The LB film 

spectrum showed a slight red shift of peaks when compared to the solution spectrum due to J-

type chromophore aggregation.  

 

Figure 6.12. UV-visible spectra of solution and multilayer LB film of complex 1. 
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The infrared reflection absorption spectrum of complex 1 was measured after 

depositing fifty layers onto a well cleaned glass substrate using p-polarized light at an angle 

of incidence of 30°. IRRAS data provide information related to composition and ordering of 

the molecules in the LB film.
58,59 

The IRRA spectrum of complex 1 in comparison to KBr IR 

spectrum is shown in Figure 6.13. The IRRA spectrum of complex 1 showed bands at 2964, 

2906, and 2874 cm
-1

, belonging to asymmetric and symmetric C—H stretching vibrations. 

C=C(aromatic) stretching vibration and CHn deformation bands were observed in the region of  

~ 1610-1350 cm
-1

. A well-pronounced band at 1581 cm
-1 

was observed due to C=N 

stretching vibrations. The LB film spectrum of complex 1 showed very similar peak 

patterning to its bulk IR spectrum, but showed slight shift in band positioning. Positive and 

negative bands along with well-pronounced asymmetric C—H stretching vibrations were 

observed to denote the anisotropic behavior of the LB film.
58,60,61,62,63

 The spectroscopic data 

of LB film of complex 1 suggest that the molecular structure of complex 1 remains intact. 

 

Figure 6.13. IRRAS spectrum of complex 1 (a) region between 3050 and 2700 cm
-1 

and             

(b) expanded region between 1700 and 1300 cm
-1

, in comparison with KBr bulk infrared 

spectrum. 
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6.3.8 Surface Characterization using AFM 

The surface topologies of LB films of complex 1 were analyzed using AFM. 

Measurements were carried out by depositing LB monolayers onto mica substrates using y-

type dipping method with a transfer ratio close to unity. The monolayers were deposited at 

15, 25, 30, 35, 37, and 40 mN/m. The obtained AFM height images are shown in Figure 

6.14. According to the observed AFM data, the monolayers deposited at lower surface 

pressures, at 15 and 25 mN/m, showed a random film deposition with defects, such as 

pinholes. The monolayer film deposited at 30 mN/m showed the formation of an ordered film 

with fewer defects when compared to Figure 6.14a and 6.14b. At surface pressures of 35 and 

37 mN/m, completely homogeneous films have formed. However, the LB film transferred at 

40 mN/m, where the LB film is closer to collapse, showed a rougher film due to aggregate 

formation. A rougher surface can be observed due to multilayer formation that takes place 

near film collapse owing to molecular tumbling and film folding.
52
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Figure 6.14. AFM height images of monolayer films deposited on mica substrates at 

different surface pressures for complex 1. The Z range was 5 nm and the scan size was 5 μm 

for all the images. 

 

6.3.9 Device Fabrication and Current-Voltage Characterization 

According to the observed AFM data, 35 mN/m was chosen to carry out the device 

fabrication studies. At 35 mN/m, a smooth homogeneous monolayer formed at the air/water 

interface. During the device fabrication, a LB monolayer of complex 1 was deposited onto a 

gold coated mica substrate and dried in a desiccator for five days. The AFM images of a LB 

monolayer deposited gold substrate in comparison to a bare gold electrode are shown in 

Figure 6.15a and 6.15b. Then the top gold layer was deposited using the shadow masking 

method to create a metal|LB-monolayer|metal junction by sandwiching the LB monolayer in 

between two non-oxidizable gold electrodes. An optical micrograph of the assembly and a 

schematic representation of the assembly layout are shown in Figure 6.15c and 6.15d.  
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Figure 6.15. AFM height images of (a) bare gold substrate, (b) monolayer film deposited on 

gold substrate, (c) optical micrograph of the assembly, and (d) schematic representation of 

the assembly. The Z range was 20 nm and the scan size was 5 μm for the AFM images. 

The current-voltage (I-V) characteristics of complex 1 were measured using the 

Au|LB-monolayer|Au device at ambient conditions (Figure 6.16). The reproducibility of the 

I-V characteristics were probed by measuring few devices in the same sample as well as by 

measuring few samples that were fabricated using the same procedure. Complex 1 showed an 

asymmetric current response with high electrical current in the negative quadrant and a 

negligible current in the positive quadrant, which is indicative of the current rectifying 

behavior (Figure 6.16, 6.17a, and 6.17c). According to the observed data, complex 1 showed 
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a rectification ratio (RR = [I at -Vo/I at +Vo])
64

 ranging from 3.99 to 28.6 between -2 and +2 

V and from 2.04 to 31 between -4 and +4 V, respectively. The experiment performed by 

reversing the source and the drain contacts, reversed the I-V response indicating the true 

rectification behavior of complex 1 as shown in Figure 6.17e-f. After several repeats of the 

I-V measurements, the magnitude of the current response as well the rectification ratio 

started to decrease (Figure 6.17b and 6.17d). Then a more symmetric current response was 

appeared (Figure 6.17g). This behavior has been observed in other organic systems, which 

showed current rectification. The main reason for the observed symmetric current response is 

that in the presence of an electric field the molecules in the LB film start to reorient to 

minimize the dipole moment to create a more stable monolayer.
10,17 

 

 

Figure 6.16. I-V characteristics observed for complexes 1. 
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Figure 6.17. I-V characteristic of complex 1 (a) from 2 to -2 V, (b) lower current observed 

after multiple scans between 2 and -2 V, (c) from 4 to -4 V, (d) lower current observed after 

multiple scans between 4 and -4 V, (e, f) I-V response observed for reversed applied 

potentials, (g) symmetric response observed after multiple scans. 
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Because the LB monolayer of complex 1 is sandwiched between two symmetric 

electrodes, the involvement of a Schottky mechanism
10

 is unfavorable. In this 

metal|molecule|metal junction the LB monolayer is physisorbed onto both gold electrodes via 

weak van der Waals forces. Therefore, the formation of a Schottky barrier
65

 is unfavorable, 

due to the presence of similar interfacial electrical dipole moments. According to the 

observed cyclic votammetry data of complex 1, the phenylenediamine and the phenolate 

moieties were behaving as electron donor moieties (D) whereas the iron(III) center was 

behaving as an electron acceptor moiety (A). Therefore, the molecule is consisting of a [D-A] 

type structure. The Verani laboratory studied a square planar copper(II) analogue under 

similar conditions and this complex did not show any current rectification behavior. 

Nevertheless, showed poor current responces which were similar to leakage current. Major 

differences that were observed between the copper(II) and iron(III) complexes were the 

oxidation state of the metal ion [Cu(II) vs. Fe(III)], geometry of the complex [square planner 

vs. square pyramidal], coordination mode around the metal atom [four-coordinate vs. five-

coordinate], and electronic configuration [d
9 

vs. d
5
]. Also, the iron(III) complex adupted a 

distorted geometry, when compared to copper(II) complex. According to the cyclic 

voltammetry data and DFT calculations of copper(II) system, the copper(II) center acted as 

an electron acceptor where as the the phenylenediamine and the phenolate moieties acted as 

electron donors. Therefore, the copper(II) complex also had a [D-A] type structure which 

was similar to the iron(III) complex. A true [D-A] system with a unimolecular rectification 

mechanism,
66

 should show asymmetric current responces despite of the molecular symmetry. 

However, the observed I-V characterictics suggested that the copper(II) complex behaved as 

an insulator where as the iron(III) complex behaved as a plausible current rectifier. Another 
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possible reason that could account for the observed I-V behavior in copper(II) complex is the 

unfitting of HOMO and LUMO energies with Fermi levels of the metal electrode. As a first 

step to distinguish the current rectification mechamism between asymmetric and 

unimolecular, the understanding of the possible electron transfer pathway is important. 

Therefore, complex 1 was further investigated using electrochemical and DFT calculations. 

The cyclic voltammogram of a particular system provides an insight regarding the 

HOMO-LUMO energy gap. The difference between the half wave potential of the first 

oxidation process (E
ox

) and the half wave potential of the first reduction process (E
red

) are 

accountable for the HOMO-LUMO energy gap. The cyclic voltammetry data of iron(III) 

complex exhibited a smaller ΔE between (E
ox

) and (E
red

) when compared to copper(II) 

complex. Therefore, a smaller HOMO-LUMO gap can be observed for complex 1 compared 

to copper(II) system.  

To show current rectification using a [D-A] type structure, the donor moiety should 

show a small ionization potential (ID) and the acceptor moiety should show a large electron 

affinity (AA).
66

 The ionization potential and the electron affinity associated with the donor 

and the acceptor can be calculated using half wave potentials of first oxidation (E
ox

) and 

reduction (E
red

) processes, respectively.
67,68 

To calculate the electron affinity associated with 

the reduction process, equation (1) can be used.
67,68,69,70  

Va = 4.7 eV + E
red

(SCE)½ ………(1) 

To calculate the ionization energy associated with the oxidation process equation (2) can be 

used.
70,71  

Vi = 4.7 eV + (1.7) E
ox

(SCE)½ ………(2) 
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When applying equations (1) and (2), the half wave potentials should be reported 

versus the standard calomel electrode (SCE). The half wave potential of first reduction and 

oxidation processes of complex 1 were found to be -0.61 and 1.051 V vs. SCE, respectively. 

DFT calculations of complex 1, suggested that the LUMOs are metal-centered and the 

HOMO are ligand-centered. Therefore, after applying equations (1) and (2) to complex 1, the 

energies associated with LUMO [4.7 eV + (-0.61)] and HOMO [4.7 eV + 1.7 (1.051)] were 

found to be -4.09 and -6.49 eV, respectively. After understanding these calculations, a model 

system was built to compare these energies with the Fermi levels of the metal electrode 

(Figure 6.18). The Fermi level of gold electrode was calculated to be -5.1 eV.
68

 After 

applying a bias voltage to one of the elctrodes, the Fermi energy of that electrode get 

adjusted to be situated between the HOMO and LUMO energy levels.
72,73 

The 

electrochemical calculations showed that there is a energy difference of 1.01 eV between 

Fermi level and LUMO energy level, and a difference of 1.39 eV between Fermi level and 

HOMO energy level for complex 1. Therefore, the electron transfer can happen efficiently 

via the LUMO energy level because in complex 1 the LUMO is closer to the Fermi level 

compared to the HOMO. The copper(II) complex showed -3.24 and -6.05 eV associated with 

the LUMO and HOMO, respectively. Because the LUMO of copper(II) complex is far away 

from the metal Fermi level, the electron transfer will be difficult in copper(II) complex when 

compared to complex 1. This could be the potential reason, for copper(II) complex to behave 

as an insulator. However, according to DFT calculations singly occupied molecular orbitals 

(SOMOs) can act as LUMOs in these iron(III) and copper(II) complexes, due to the presence 

of partially filled d-orbitals. Also, as demonstrated in the Figure 6.19b, the relative increase 

of the energy of the orbitals by 1.0 eV from iron(III) complex to copper(II) complex supports 
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the model described in Figure 6.19a. Therefore, the proposed model can qualitatively 

explain that the electron transfer via SOMO is favorable in the iron(III) complex. This 

explains the different I-V characteristics observed for iron(III) and copper(II) complexes. 

Electrochemical and DFT calculations of complex 1 indicated that the electron transfer occur 

via singly occupied molecular orbitals (as LUMO) and HOMOs are not involved in the 

electron transfer pathway. Therefore, the asymmetric I-V behavior observed for complex 1 

suggests an asymmetric current rectification mechanism.  

 

 

Figure 6.18. Proposed model for complex 1 to compare the HOMO and LUMO energies 

with Fermi energy of gold electrodes. 
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Figure 6.19. (a) Electron transfer model involving the charge transfer from the Fermi levels 

of the electrode into the metal-based SOMO. (b) Increase of the DFT-calculated energy of 

the metal-centered acceptor orbital from iron(III) complex to copper(II) complex.  

 

6.4 Conclusions 

In conclusion, two salophen-type iron(III) complexes with [N2O2] coordination 

environments were successfully synthesized and structurally characterized using multiple 

techniques. X-ray crystal structure data revealed the formation of a μ-oxo bridged species for 

complex 2. Nevertheless, both complexes showed asymmetric pentacoordinate species with 

distorted square pyramidal geometry. Complex 1 showed well-behaved redox and 

amphiphilic properties. The UV-visible and IRRAS data revealed that the molecular structure 

of complex 1 remains intact at the air/water interface. AFM data of complex 1 indicated the 

formation of a homogeneous film at 35 mN/m. After device fabrication, complex 1 showed 
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current rectification and was further investigated to understand the mechanism involved in 

current rectification. Cyclic voltammetry data revealed that the iron(III) center acts as an 

electron acceptor moiety while the phenylenediamine and phenolate moieties act as electron 

donor moieties. Redox properties along with the DFT calculations suggested that LUMOs are 

metal-centered and HOMOs are ligand-centered. Furthermore, the calculations carried out 

using redox potentials showed that the electron transfer is easy to occur via the LUMO 

energy level in this [D-A] type iron(III) system. DFT calculations revealed that singly 

occupied molecular orbitals act as LUMOs because there are five partially filled d-orbitals 

present in the iron(III) complex. These data suggested that Fermi levels are further away 

from the HOMO compared to SOMO in complex 1, and the electron transfer occurs via the 

SOMO. Due to the distorted geometry of complex 1 and because SOMOs (as LUMOs) are 

involved in the electron transfer pathway, an asymmetric current rectification mechanism is 

proposed for complex 1. 
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CHAPTER 7 

INVESTIGATION OF THE BEHAVIOR OF REDOX-ACTIVE MANGANESE 

COMPLEXES WITH [N2O3] AND [N2O2] COORDINATION ENVIRONMENTS FOR 

THIN FILM FORMATION AND CURRENT RECTIFICATION 

7.1 Introduction 

The advancement of future microelectronic devices is heavily based on the 

development of new nanoscale organic and inorganic molecular materials. These molecular 

materials should demonstrate efficient electron transfer mechanisms to be used in 

microelectronic devices. With the development of scanning tunneling microscopy (STM), 

novel approaches were developed to measure the conductivity of nanoscale molecular 

materials.
1
 Along with the experimental achievements, theoretical methods were also 

developed in recent years to understand the conductivity properties of these molecular 

materials.
1,2

 These molecular materials with electron conduction properties are expected to be 

used in the molecular electronics field.
3,4,5

 In addition, a new approach has been developed in 

the recent years to immobilize these transition metal complexes onto semiconductor 

materials to be used as solar energy conversion catalysts.
6
 Nature conducts solar energy 

conversion via photosynthesis in photosystem II by following efficient proton-coupled 

electron transfer processes.
7
 In PS II, chemical reactions happen in a well-distinguished and 

well-separated manner to avoid charge recombination. Therefore, when designing synthetic 

catalysts to carry out water oxidation, systems should demonstrate good charge separation 

with slow recombination rates in forward and backward electron transfer processes. In other 

words, the immobilized molecules should show a rectification behavior during electron 

transfer processes to exhibit maximum catalytic activity.
8,9
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Manganese can be found in the oxygen evolving complex of the photosystem II
10,11 

and
 
in the active site of various enzyme categories namely, catalases and superoxide 

dismutase.
12,13 

Therefore, the development of novel manganese-containing molecular systems 

and the investigation of their properties become relevant to study asymmetric intramolecular 

electron transfer processes. Considerable effort has been undertaken in past years to develop 

molecular catalysts that use multiple oxidation states of manganese ion.
14

 To date, several 

water oxidation catalysts, particularly ruthenium containing systems, have demonstrated 

improved activity when anchored onto surfaces.
15,16,17,18,19

 However, manganese-containing 

redox-active metallosurfactants immobilized onto solid surfaces are poorly understood.  

The Verani group is engaged in the development of new amphiphilic
20,21,22,23,24

 and 

hydrophobic
25

 metal containing systems, along with the scrupulous study of their electronic 

and redox properties.
26,27,28

 Recently, Lesh et al. have used a modular synthetic approach to 

integrate ruthenium antennae complexes with surfactant ligands
29

 and have studied their 

behavior at the air/water interface. Similar approaches can be successful in the incorporation 

of amphiphilic properties to manganese-containing organic systems.  

This chapter summarizes the development of a series of manganese-containing 

surfactants, which merge amphiphilic and redox properties, as a primary step toward device 

fabrication and current-voltage measurements. Interested ligands were synthesized by 

multistep synthetic protocols with [N2O3] and [N2O2] donor sets related to Jacobsen’s 

catalyst
30,31

  and other potential catalysts described by Akermark,
32

 Pecoraro,
33

 and Fujii.
34

 

The chelating portion of these ligands is suitable for stabilizing a trivalent manganese ion, in 

an asymmetric nature. These ligands and the manganese complexes are shown in Scheme 

7.1. All of these complexes were isolated, and their redox and electronic properties were 
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characterized. The film formation behavior of these compounds at the air/water interface was 

examined by isothermal compression and Brewster angle microscopy, whereas the structure 

and surface properties of resulting Langmuir-Blodgett (LB) films were interrogated by 

spectroscopic, spectrometric, and nanoscopic methods. Then, current-voltage characteristics 

were measured to investigate current rectification behavior. 

  

 

Scheme 7.1. Ligands and their respective manganese complexes. 
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7.2 Experimental Section 

7.2.1 X-ray Structural Determinations for complexes 4, 5, and 6 

Structures were solved by direct methods using the SHELXS-97 program in APEX II 

suite and refined by least squares method on F
2
, SHELXL-97 and OLEX2. The crystals were 

mounted on a mitogen loop using paratone oil. Data were collected on a Bruker APEX-II 

Kappa geometry diffractometer with Mo radiation and a graphite monochromato using a 

Bruker CCD (charge coupled device) based diffractometer equipped with an Oxford 

Cryostream low-temperature. Complex [Mn
III

L
tBu

] (4) crystallized as dark green rhombic 

crystals and was measured at a temperature of 293 K. Unique reflections of 8910 were 

collected to solve the structure of complex 4. An independent molecule along with one 

methanol molecule and a chloride anion was present in the asymmetric unit cell. A dark 

brown crystal with dimensions 0.902 × 0.891 × 0.81 mm of   [Mn
III

L
bisPho-NO2

] (5) was 

mounted and data were collected at 100 K. A total of 88443 reflections were collected with 

10706 unique reflections. An independent molecule of complex 5 and one methanol 

molecule were present in the asymmetric unit cell. A molecule of 4,5-dinitrobenzene-1,2-

diamine was also co-crystallized along with complex 5. A dark greenish brown crystal with 

dimensions 0.315 × 0.207 × 0.099 mm of [Mn
II

L
NO2

] (6) was mounted and data were 

collected at 100 K. A total of 79410 reflections were collected with 6154 unique reflections. 

Hydrogen atoms were placed in calculated positions. An independent molecule along with 

one dimethyl sulfoxide molecule was present in the asymmetric unit cell. 
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7.2.2 Syntheses of Ligand and Metal complexes 

 The synthesis of ligands [H3L
2
]-[H3L

4
], [H2L

tBu
], [H2L

bisPho-NO2
], and [H2L

NO2
] were 

carried out as previously discussed in chapters 3, 4, and 6. 

Synthesis of Metal Complexes 

Synthesis of complex [Mn
III

L
2I

] (1). 

  A mixture of [H3L
2
] (0.823 g, 1.00 mmol) and anhydrous NaOCH3 (0.162 g, 3.00 

mmol) in anhydrous methanol (80 mL) was treated with an anhydrous methanolic solution 

(10 mL) of MnCl2·4H2O (0.198 g, 1.00 mmol) under inert conditions. The resulting mixture 

was heated at 50 °C for one hour. The reaction mixture was cooled to ambient temperature, 

stirred at ambient conditions for one hour, then bubbled O2 gas for 30 minutes. The solvent 

was completely removed by rotatory evaporation. The product was dissolved in 

dichloromethane (50 mL) and filtered through celite. The solution was reduced to dryness by 

rotatory evaporation to yield a dark brown precipitate. Yield: 74.4%. Melting point =       

162-164 °C. ESI (m/z
+
) in CH3OH = 873.4962 (100%) for [C53H73N2O5Mn + H

+
] (calculated 

= 873.4978) in agreement with -1.8 ppm difference. Anal. Calc. for 

[C53H73N2O5Mn·CH3OH]: C, 71.66; H, 8.57; N, 3.09%. Found: C, 71.33; H, 8.23; N, 3.29%. 

IR (KBr, cm
-1

) 2868-2956 (νC-H), 1608 (νC=C, aromatic), 1512 (νC=C, aromatic), 1587 (νC=N), 

1275 (νC-O-C). 

 

Synthesis of complex [Mn
III

L
3I

] (2). 

Complex 2 was synthesized in a similar fashion as [Mn
III

L
2I

]. [H3L
3
] (1.30 g, 1.00 

mmol), anhydrous NaOCH3 (0.162 g, 3.00 mmol), MnCl2·4H2O (0.198 g, 1.00 mmol). The 

product was obtained as brown viscous oil. Yield: 71.8%. ESI (m/z
+
) = 1350.0317 (100%) 
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for [C87H141N2O5Mn + H
+
] (calculated = 1350.0299) in agreement with 1.3 ppm difference. 

Anal. Calc. for [C87H141N2O5Mn·2H2O]: C, 75.39; H, 10.54; N, 2.02%. Found: C, 74.93; H, 

10.38; N, 2.43%. IR (KBr, cm
-1

) 2854-2957 (νC-H), 1605 (νC=C, aromatic), 1509 (νC=C, 

aromatic), 1587 (νC=N), 1263 (νC-O-C). 

 

Synthesis of complex [Mn
III

L
4I

] (3). 

 Complex 3 was synthesized in a similar fashion as [Mn
III

L
2I

].  [H3L
4
] (0.911 g, 1.00 

mmol), anhydrous NaOCH3 (0.162 g, 3.00 mmol), MnCl2·4H2O (0.198 g, 1.00 mmol). Yield: 

62%. Melting point = 116-118 °C. ESI (m/z
+
) in CH3OH = 961.5481 (100%) for 

[C57H81N2O7Mn + H
+
] (calculated = 961.5503) in agreement with -2.3 ppm difference. Anal. 

Calc. for [C57H81N2O7Mn]: C, 71.22; H, 8.49; N, 2.91%. Found: C, 71.67; H, 8.40; N, 2.94%. 

IR (KBr, cm
-1

) 2869-2955 (νC-H), 1611 (νC=C, aromatic), 1512 (νC=C, aromatic), 1591 (νC=N), 

1273 (νC-O-C), 1129 (νC-O-C). 

 

Synthesis of complex [Mn
III

L
tBu

] (4). 

A methanol and dichloromethane solution (10:1) of [H2L
tBu

] (0.250 g, 0.363 mmol) 

and anhydrous NaOCH3 (0.040 g, 0.730 mmol) was treated with a methanolic solution (5 

mL) of MnCl2.4H2O (0.072 g, 0.360 mmol). The resulting mixture was heated at 50 °C for  

4-5 hours. The reaction mixture was cooled to ambient temperature and stirred for 1 hour. 

Then, the solution was filtered and set for recrystallization at ambient conditions to yield 

dark green crystals. The crystals were filtered and washed with water. Yield: 85.7%. ESI 

(m/z
+
) in CH3OH = 741.3658 (100%) for [C42H58N2O6Mn

+
] (calculated = 741.3675) in 

agreement with -2.3 ppm difference. Anal. Calc. for [C43H62ClMnN2O7.CH3OH]: C, 62.81; 
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H, 7.91; N, 3.33%. Found: C, 62.12; H, 7.13; N, 3.46%. IR (KBr, cm
-1

) 2869-3093 (νC-H), 

1605 (νC=C, aromatic), 1517 (νC=C, aromatic) 1586 (νC=N), 1271 (νC-O-C), 1132 (νC-O-C). 

 

Synthesis of complex [Mn
III

L
bisPho-NO2

] (5). 

 A mixture of [H2L
bisPho-NO2

] (0.250 g, 0.396 mmol) and anhydrous NaOCH3 (0.043 g, 

0.793 mmol) in methanol (20 mL) was treated with a methanolic solution (5 mL) of 

MnCl2.4H2O (0.078 g, 0.396 mmol). The resulting mixture was heated at 50 °C for 4 hours. 

The reaction mixture was cooled to ambient temperature, and the solution was filtered and 

set for recrystallization at ambient conditions to yield dark brown crystals. The crystals were 

washed with water and dried under vacuum. Yield: 92.6%. ESI (m/z
+
) in CH3OH = 683.2641 

(100%) for [C36H44MnN4O6
+
] (calculated = 683.2642). Anal. Calc. for [C36H44ClMnN4O6]: 

C, 60.13; H, 6.17; N, 7.79%. Found: C, 59.74; H, 6.52; N, 8.26%. IR (KBr, cm
-1

) 2869-2958 

(νC-H), 1613 (νC=C, aromatic), 1524 (νC=C, aromatic) 1573 (νC=N), 1462 (νN=O), 1361 (νN=O).  

 

Synthesis of complex [Mn
II

L
NO2

] (6). 

 A mixture of [H2L
NO2

] (0.200 g, 0.361 mmol) and anhydrous NaOCH3 (0.039 g, 

0.720 mmol) in dichloromethane (20 mL) and dimethyl sulfoxide (6 mL) was treated with a 

methanolic solution (4 mL) of MnCl2.4H2O (0.072 g, 0.361 mmol). The resulting mixture 

was heated at reflux for 18-20 hours. The reaction mixture was cooled to ambient 

temperature. The solvent was concentrated to half of its original volume, and diethyl ether 

(30 mL) was added to the solution to give a dark greenish brown microcrystalline product. 

The microcrystalline product was crystallized in dichloromethane and dimethyl sulfoxide 

mixture (3:1, 16 mL) to obtain x-ray quality single crystals. Yield: 44.6%. ESI (m/z
+
) = 
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685.0994 for [C28H30MnN4O11S
+
] (calculated = 685.1012) in agreement with -2.6 ppm 

difference. Anal. Calc. for [C30H36MnN4O12S2.(CH3)2SO]: C, 45.66; H, 5.03; N, 6.66%. 

Found: C, 46.00; H, 4.89; N, 6.79%. IR (KBr, cm
-1

) 2818-3008 (νC-H), 1613 (νC=C, aromatic), 

1514 (νC=C, aromatic) 1592 (νC=N), 1261 (νC-O-C), 1130 (νC-O-C), 1462 (νN=O), 1333 (νN=O). 

 

7.3 Results and Discussion 

7.3.1 Synthesis and Characterization of Manganese Complexes 

Six new manganese(III) complexes were designed to investigate the spectroscopic, 

redox, amphiphilic, and current-voltage properties. This study included the synthesis of 

redox-active manganese(III) complexes with [N2O3] and [N2O2] environments to 

accommodate trivalent manganese ions in a pentacoordinate or hexacoordinate geometries. 

All the ligand structures were designed in a way to facilitate film formation at the air/water 

and air/solid interfaces. Electron donating and electron withdrawing substituents were 

introduced to the backbone of the ligand to modulate electronic and redox properties. All of 

the ligands were synthesized using multistep synthetic processes and were characterized by 

spectroscopic methods (IR and 
1
H-NMR spectroscopy) and ESI/APCI mass spectrometry as 

discussed in earlier chapters. Treatment of ligands ([H3L
2
]-[H3L

4
], [H2L

tBu
], [H2L

bisPho-NO2
], 

and [H2L
NO2

]) with manganese(II) chloride tetrahydrate (MnCl2·4H2O) and sodium 

methoxide under reflux conditions yielded a series of stable neutral monometallic manganese 

complexes (Scheme 7.2). Except for complex 2, all the other manganese complexes were 

isolated in the solid form. Multiple analysis techniques were used to characterize the products 

including, IR spectroscopy, high-resolution mass spectrometry, and combustion analysis. 

Complexes 1-3 showed the formation of C=N, azomethine moiety upon metal coordination at 
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the C—N amine nitrogen bond of the ligand structure.
35

 Attempts to grow X-ray quality 

crystals of complexes 1-3 were unsuccessful. Complexes 4-6 did not show any change in the 

ligand structure. According to the observed data complexes 1-5 indicated the formation of 

manganese(III) complexes whereas the complexes 6 suggested the formation of a 

manganese(II) species. 

 

 

Scheme 7.2. Synthesis of manganese complexes 

Furthermore, another manganese complex [Mn
III
L•CH3OH], was synthesized 

without modification on phenelynediamine moiety to explore the electrochemistry and 

spectroscopic properties of manganese(III) ion when coordinated to [N2O3] pocket of the 

ligand. The hexacoordinate geometry of complex [Mn
III
L•CH3OH] was established by 
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crystal structure information (crystal structure is known with one methanol molecule 

coordinated to the sixth coordination position). Thermogravimetric analyses (TGA) were 

performed and compared with hexacoordinate manganese(III) complex [Mn
III
L•CH3OH], to 

establish the pentacoordinate geometry of complexes 1-3. A Perkin-Elmer Pyris 1 

thermogravimetric analyzer was used to study the decomposition temperatures and relative 

weight losses of complex 1, 3, and [Mn
III
L•CH3OH]. These compounds were heated from 

25 to 250 °C with a temperature ramp rate of 2 °C min
–1

 and 250 to 500 °C with a 

temperature ramp rate of 5 °C min
–1

 in a flow of air. Complexes 1 and 3 showed similar 

behavior and showed no weight loss below 200 °C; whereas, complex [Mn
III
L•CH3OH] 

showed a weight loss of 3.732% at ~ 135 °C which corresponds to loss of one molecule of 

methanol. The pentacoordinate geometry of complexes 1 and 3 can be confirmed, because 

these complexes did not show weight loss in the above temperature region (Figure 7.1). 

These three complexes started to show the decomposition of organic material > 200 °C.  
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Figure 7.1. TGA data of complexes 1 and 3 in comparison with [M
III
L•CH3OH]. 

 

 High resolution ESI mass spectra (positive ion mode) of the isolated products of 

complexes 1-6 showed dominant peaks for their molecular ion peaks (M+H
+
) with a 

difference between the calculated and experimental data to be less than ±3 ppm.  The peak 

positions and isotopic distribution patterns were in agreement with the expected data. These 

data suggest that the elemental compositions of the isolated products match well with the 

desired compounds. IR spectroscopy was also used to characterize the isolated compounds. 

The asymmetric and symmetric C—H stretches appeared ~ 3000-2800 cm
-1

. Complexes 1-6 

showed peaks around ~ 1585 cm
-1

 referenced to the C=N stretching vibration. This 
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complexation of complexes 1-3. In addition, IR spectra showed C=C aromatic stretching and 

CHn deformation bands in the finger print region. These data were in good agreement with 

the literature.
36

 

 

7.3.2 Molecular Structure Data 

Attempts to grow X-ray quality crystals of complexes 1-3 were unsuccessful. Single 

crystals were isolated for complexes 4 (from methanol/dichloromethane; dark green), 5 (from 

methanol; dark brown), and 6 (from dichloromethane/dimethyl sulfoxide; dark greenish 

brown) using slow evaporation method. Selected crystallographic data of complexes 4-6 are 

given in Table 7.1-Table 7.4 and the ORTEP views are shown in Figure 7.2. Crystal 

structure data of complexes 4-6 confirmed the presence of monomeric manganese species 

and the ligand identity. According to the crystallographic data, complexes 4-6 showed that 

the two imine nitrogen atoms and the two phenolate oxygen atoms have been coordinated to 

the manganese ion on the same plane. Saloph-type manganese complexes showed a distorted 

octahedral geometry around the metal ion. In complexes 4 and 5, a choloro ligand and a 

methanol molecule; and in complex 6, two dimethyl sulfoxide molecules were axially 

coordinated to form hexacoordinate species.  Mn-N bond distances of complexes 4 and 5 

ranged between 1.98 and 1.99 Å and a Mn-O bond distance of ~ 1.87 Å was found in each 

complex. Also, complexes 4 and 5 showed bond distances of 2.3 and 2.6 Å, respectively for 

the Mn-Cl bond. Complex 6 showed Mn-N bond distance of ~ 2.2 Å and Mn-O bond 

distance of ~ 2.08 Å. These bond distances and angles are comparable to other saloph-type 

manganese(III) complexes.
37,38,39
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Figure 7.2. X-ray crystal structure data of complexes (a) 4, (b) 5, and (c) 6. 

(a) Complex 4

(b) Complex 5

(c) Complex 6
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 (4) (5) (6) 

Formula C44H66Cl2MnN2O8 C44H58ClMnN8O12 C32H42MnN4O13S3 

M 876.82 981.38 841.85 

Space group P-1 Cc P-1 

a / Å 10.7364(5) 12.3951(9) 
11.5544(7) 

b/ Å 14.1651(6) 43.834(3) 
13.0314(8) 

c/ Å 16.3530(7) 9.5402(6) 
13.7212(8) 

α/ 
o
 71.703(2) 90.00 

104.484(3) 

β/ 
o
 77.979(3) 113.281(3) 

104.060(4) 

γ/ 
o
 80.303(3) 90.00 

104.707(3) 

V/ Å
3
 2295.22(18) 4761.4(5) 

1828.3(2) 

Z 2 4 
2 

T/ K 293(2) 100.1 
100.1 

λ/ Å 0.71073 0.71073 0.71073 

Dcalc/ g cm
-3

 1.269 1.241 
1.5291 

µ/ mm
-1

 0.455 0.391 
0.603 

R(F)
 
(%) 6.34 6.59 3.03 

wR (F) (%) 18.03 16.85 10.47 

 

a
R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│; Rw(F) = [∑w(Fo

2
 – Fc

2
)
2 
/ ∑w(Fo

2
)
2
]
1/2 

for I > 2σ(I) 

Table 7.1. Crystal structure data
a
 for complexes 4-6. 
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Complex 4 

Mn1 Cl2 2.277(3)  

Mn1 O3 1.865(2)  

Mn1 N7 1.993(3)  

Mn1 N24 1.975(3)  

Mn1 O28 1.866(2)  

Mn1 O53 2.236(3)  

C6 N7 1.296(4)  

N24 C25 1.292(4)  

O3 Mn1 Cl2 94.38(10) 

O3 Mn1 N7 91.66(11) 

O3 Mn1 N24 172.68(10) 

O3 Mn1 O28 93.89(10) 

O3 Mn1 O53 90.09(10) 

N7 Mn1 Cl2 87.69(10) 

N7 Mn1 O53 91.38(11) 

N24 Mn1 Cl2 89.66(10) 
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N24 Mn1 N7 82.39(11) 

N24 Mn1 O53 85.81(10) 

O28 Mn1 Cl2 87.85(10) 

O28 Mn1 N7 173.13(10) 

O28 Mn1 N24 92.36(10) 

O28 Mn1 O53 92.65(10) 

O53 Mn1 Cl2 175.46(9) 

 

Table 7.2. Selected bond lengths (Å) and angles (°) for complex 4. 

 

Complex 5 

Cl1 Mn2 2.6172(16)  

Mn2 O1 1.870(3)  

Mn2 N1 1.979(3)  

Mn2 O2 1.871(3)  

Mn2 O6 2.268(4)  

Mn2 N18 1.980(4)  

N1 C1 1.312(6)  

N18 C19 1.298(6)  

O1 Mn2 Cl1 89.66(11) 

O1 Mn2 N1 92.33(14) 
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O1 Mn2 O2 93.76(10) 

O1 Mn2 O6 88.39(14) 

O1 Mn2 N18 174.48(15) 

N1 Mn2 Cl1 91.73(12) 

N1 Mn2 O6 87.26(15) 

N1 Mn2 N18 82.18(11) 

O2 Mn2 Cl1 91.43(11) 

O2 Mn2 N1 173.16(15) 

O2 Mn2 O6 89.78(15) 

O2 Mn2 N18 91.76(15) 

O6 Mn2 Cl1 177.76(13) 

N18 Mn2 Cl1 89.92(13) 

N18 Mn2 O6 91.91(16) 

 

Table 7.3. Selected bond lengths (Å) and angles (°) for complex 5. 

 

Complex 6 

N1 Mn1 2.1847(17)  

N2 Mn1 2.2299(16)  

O1 Mn1 2.3123(15)  

O2 Mn1 2.0781(14)  

O3 Mn1 2.0691(15)  

O12 Mn1 2.2394(15)  
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C5 N1 1.295(2)  

C8 N2 1.295(3)  

N2 Mn1 N1 75.84(6) 

O1 Mn1 N1 86.13(6) 

O1 Mn1 N2 89.64(6) 

O2 Mn1 N1 87.41(6) 

O2 Mn1 N2 162.87(6) 

O2 Mn1 O1 92.85(5) 

O3 Mn1 N1 161.73(6) 

O3 Mn1 N2 86.49(6) 

O3 Mn1 O1 89.22(5) 

O3 Mn1 O2 110.48(5) 

O12 Mn1 N1 89.56(6) 

O12 Mn1 N2 85.86(6) 

O12 Mn1 O1 174.41(5) 

O12 Mn1 O2 90.51(6) 

N2 Mn1 N1 75.84(6) 

O1 Mn1 N1 86.13(6) 

O12 Mn1 O3 93.79(6) 

 

Table 7.4. Selected bond lengths (Å) and angles (°) for complex 6. 
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7.3.3 Electronic Spectral Properties 

UV-visible spectra of complexes 1-5 were recorded in dicholoromethane and 

complex 6 was measured in a 19:1 dichloromethane/dimethyl sulfoxide mixture. UV-visible 

spectra obtained for the metal complexes are shown in Figure 7.3 and Table 7.5 presents 

spectral data obtained for 1.0 × 10
-5

 mol•L
-1

 solutions of metal complexes. UV-visible 

spectra of complexes 1-6 showed ligand-based π → π* electronic transitions
40

 below 300 nm. 

Complexes 1-5 showed intense absorption maxima in the near-UV region ~ 350 nm.
 

According to Karsten et al. this band can be designated as ligand to metal charge transfer 

(LMCT) originating from the phenolate oxygen (pπ orbital) to dσ* of the metal center.
41 

The 

other absorption maxima in the visible region at ~ 465 nm for complexes 1-3, at 494 nm for 

complex 4, and at 523 nm for complex 5, can also be assigned as a LMCT transition 

originating from pπ orbital of the phenolate oxygen to dπ* of the manganese(III) center.
41,42,43

 

In complex 6, intraligand π → π* and other charge transfer transitions appear at ~ 384 nm as 

an intense broad band. In addition to these LMCT transitions, complexes 4 and 5 showed 

intraligand π → π* electronic transitions in the region of ~ 300-450 nm associated with 

phenyl, azomethine, and nitro moieties.
44
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Figure 7.3. UV-visible spectra of complexes (a) 1-3 and (b) 4-6 in 1.0 × 10
-5

 mol•L
-1

 

solutions. 
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Compound λmax, nm (ε, L•mol
-1

•cm
-1

) 

(1) 356 (20366), 465 (8934) 

(2) 353 (17586), 468 (6850) 

(3) 357 (20281), 465 (7834) 

(4) 308 (28180), 317 (28655), 360 (26218), 377 (27657), 494 (14432) 

(5) 366 (33387), 523 (11433) 

(6) 345 (29959), 384 (40020) 

 

Table 7.5. UV-visible spectroscopic data for complexes 1-6 in 1.0 × 10
-5

 mol•L
-1

 solutions. 

 

7.3.4 Redox Properties 

Cyclic voltammetry experiments for complexes 1-5 and 6 were carried out in 

dichloromethane and 19:1 dichloromethane/dimethyl sulfoxide solutions to examine the 

redox properties. TBAPF6 was used as the supporting electrolyte, and all potential values 

were recorded against the Fc
+
/Fc couple. Cyclic voltammograms obtained for complexes 1-6 

are shown in Figure 7.4, and their potentials are tabulated in Table 7.6. Complexes 1-6 

showed defined metal- and ligand-based redox processes in their cyclic voltammograms. In 

complexes 1-3, a single electron cathodic processes found at ~ -0.92, -0.97, and -0.94 V, with 

ΔEp of ~ 0.17, 0.2, and 0.21 V, which can be assigned as Mn(III)/Mn(II) redox couple. Neves 

and co-workers and Wieghardt and co-workers reported similar electrochemical behavior for 

Mn(III)/Mn(II) redox couple.
37,45,46,47 

Furthermore, in complexes 4-6 a single electron 

cathodic process found at ~ -0.77, -0.45, and -0.27 V, with ΔEp of ~ 0.12, 0.2, and 0.24 V, 

respectively, which can be assigned as Mn(III)/Mn(II) redox couples.
48,49,50

 The 

Mn(III)/Mn(II) redox couple was found to be quasi-reversible in nature. In complexes 1-3, 
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single electron quasi-reversible processes found at more positive potentials (at ~ 0.14, 0.15, 

and 0.13 V with ΔEp of ~ 0.09, 0.08, and 0.1 V, respectively) can be ascribed to be       

ligand-centered, phenolate/phenoxyl redox couple.
43,45

 Single electron quasi-reversible 

processes at ~ 0.69, 0.71, 0.68, 0.53, and 0.9 V for complexes 1-5 can also be attributed to 

ligand-centered redox processes.
26,27

 In complexes 1-6, other phenolate/phenoxyl redox 

couples appeared as ill-defined processes in their cyclic voltammograms. In complexes 5 and 

6, cathodic processes appearing at ~ -1.5 and -1.9 V, respectively, can be attributed to be 

nitro reductions.  

 

Figure 7.4. Cyclic voltammograms of 1.0 × 10
-3

 mol•L
-1

 solutions of complexes (a) 1-3 and 

(b) 4-6. 

 (1)

 (2)
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       Compound 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

 

(1) -0.924 

(0.172) 

│1.114│ 

0.135 

(0.090) 

│1.045│ 

0.694 

(0.112) 

 

(2) -0.966 

(0.195) 

│0.655│ 

0.148 

(0.083) 

│1.107│ 

0.708 

(0.123) 

(3) -0.935 

(0.212) 

│0.656│ 

0.133 

(0.112) 

│1.219│ 

0.676 

(0.146) 

 

(4) -0.765 

(0.122) 

│0.88│ 

0.529 

(0.162) 

│2.43│ 

- 

(5)   ~ -1.5 -0.450 

(0.202) 

│0.961│ 

~ 0.9 

(6) -1.892 

(0.132) 

│1.13│ 

-0.268 

(0.240) 

│1.492│ 

- 

 

Table 7.6. Electrochemical data (vs. Fc
+
/Fc) for complexes 1-6. 

 



www.manaraa.com

289 
 

7.3.5 Spectroelectrochemical Properties 

 Spectroelectrochemical experiments were carried out for complexes 1, 3, and 4 to       

validate the above mentioned spectral assignments. In this regard, the reduction process 

associated with the Mn
III/II 

redox
 

couple was probed. Experiments were performed in 

dichloromethane at ambient conditions by applying fixed potentials at -1.38 V vs. Fc
+
/Fc for 

complexes 1 and 3 and at -1.22 V vs. Fc
+
/Fc for complex 4. TBAPF6 was used as the 

supporting elctrolyte during the experiments. Spectroelectrochemical experiments carried out 

for complexes 1, 3, and 4 showed that ligand to metal charge transfer transitions associated 

with phenolate to manganese metal center (regions between ~ 350 and 400 nm and ~ 485 and 

800 nm) appeared to decrease in intensity. Also, new charge transfer bands appeared at 432, 

441, and 428 nm for complexes 1, 3, and 4, respectively. Besides the above features, 

complexes showed two isosbestic points for each reduction process (at 406 and 486 nm for 

complex 1, at 404 and 496 nm for complex 3, and at 400 and 475 nm for complex 4). The 

spectral changes observed for complexes 1, 3, and 4 upon reduction are shown in Figure 7.5. 

The LMCT transitions become unfavorable
43

 during the reduction of the metal ion from 

Mn(III) to Mn(II). Therefore, the LMCT related bands appeared to decrease in intensity.  The 

appearance of new bands at 432, 441, and 428 nm can be assigned as intraligand charge 

transfer transitions originating from pπ of phenolate oxygen to pπ* of azomethine moiety.  
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Figure 7.5. Electronic spectral changes observed for complexes (a) 1, (b) 3, and (c) 4 during 

spectroelectrochemistry experiments 

 

7.3.6 Isothermal Compression Data 

Ligand structures consisted of hydrophobic and hydrophilic moieties to obtain     

well-behaved film formation at the air/water interface.
51

 The film formation ability of 
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micrographs. Complex 6 was not used for this study due to insolubility. Complex 2 showed 

400 500 600 700 800

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 

 

A
b

s
o

r
b

a
n

c
e

 (
a

. 
u

.)

Wavelength (nm)

Complex (1) 

432 nm

~ 355 nm

~ 485 - 700 nm

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Complex (3)

 

 

A
b

s
o

rb
a
n

c
e
 (

a
. 

u
.)

Wavelength (nm)

441 nm

~ 500 - 800 nm

(a) (b)

400 500 600 700 800

0.0

0.3

0.6

0.9

1.2

1.5

 

 

A
b

s
o

rb
a
n

c
e
 (

a
. 

u
.)

Wavelength (nm)

~ 380 nm
428 nm

Complex (4)

~ 490 nm

360 nm

(c)



www.manaraa.com

291 
 

weak properties with low collapse pressure at the air/water interface and displayed a very 

large area of interaction of ca. 257 Å
2
. In complex 2, the presence of two alkoxy chains on 

the phenylenediamine moiety gives rise to free rotation
52

 of carbon chains about the C—C 

backbone. Therefore, alkoxy chains will repel each other, when they are at close proximity, 

leads to the observed higher critical area of ca. 240 Å
2
. Brewster angle micrographs showed 

homogeneous Langmuir film formation between 9 and 45 mN/m for complex 1, 8 and 40 

mN/m for complex 3, 20 and 45 mN/m for complex 4, and 15 and 33 mN/m for complex 5. 

Complexes 1-5 showed critical areas of ca. 112, 240, 151, 78, and 63 Å
2
, respectively, in 

their isotherms. These Langmuir films did not exhibit defects until they reached the 

respective collapse pressures. Complexes 1-5 showed collapse pressures at ca. 50, 8, 42, 50, 

and 35 mN/m, respectively, which were denoted with the linearly oriented Newton rings
53

 in 

their Brewster angle micrographs. These data suggested constant pressure collapse 

mechanisms
54

 for all the manganese(III) complexes reported herein. Compression isotherms 

and Brewster angle micrographs obtained for complexes 1-5 are shown in Figure 7.6 and 

Figure 7.7. Results obtained from these experiments showed that the introduction of oxygen 

rich moieties help to form homogeneous films at the air/water interface, because they help to 

balance the hydrophilicity and hydrophobicity of the designed molecules.   
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Figure 7.6. Isothermal compression data of complexes 1-5. 

 

 

Figure 7.7. Brewster angle micrographs obtained for complexes 1-5. 
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7.3.7 Langmuir-Blodgett Film Characterization using Spectroscopic and Spectrometric 

Methods 

 The LB films of complexes 1, 3, 4, and 5 were further investigated using 

spectroscopic and spectrometric methods to understand the molecular composition and 

integrity of films.
55

 Homogeneous Langmuir films (complexes 1 and 3 at 30 mN/m, complex 

4 at 32 mN/m, and complex 5 at 25 mN/m) were transferred onto well-cleaned glass 

substrates using the y-type dipping method.
51

 Fifty depositions were carried out for each of 

the forementioned complexes. Complexes 1, 3, and 4 showed transfer ratios close to unity for 

both up- and down-stroke dipping methods, and complex 5 showed a transfer ratio of ≤ 0.5. 

Thin film-deposited glass substrates showed an intense brown to dark green color.            

UV-visible studies conducted on complex 2 showed weak absorptions in the spectrum due to 

low adhesive properties of complex 2. Therefore, further studies were not carried out with 

complex 2. LB film spectra of complexes 1, 3, 4, and 5 showed intense absorption maxima at 

~ 345, 342, 373, and 359 nm, respectively. Relative to their solution spectra, the blue-shifting 

of bands and the diminished absorptions in the lower energy region (between ~ 450 and 600 

nm) can be attributed to possible rearrangements and conformational changes of molecules.
56

 

These hypsochromic shifts of bands demonstrate H-type chromophore aggregation present in 

LB films.
57,58,59

 The UV-visible spectra of LB films and solution spectra are shown in Figure 

7.8. The stability of complexes 1 and 3 were investigated by aging their chloroform solutions 

at 4 °C. UV-visible spectra recorded for these aged solutions did not show any noticeable 

changes to denote the stable structure of these complexes (Figure 7.8d).  
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Figure 7.8. UV-visible spectra of LB films (50 depositions) of complexes (a) 1 and 3, (b) 4, 

and (c) 5 in comparison with solution spectra (1.0 × 10
-5

 mol•L
-1

, dichloromethane); (d) the 

comparison of UV-visible spectra of fresh and aged solutions of complexes 1 and 3. 
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measured at 30° and complexes 3 and 5 were measured at 40° using p-polarized light. A 
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300 400 500 600 700 800 900

0.0

0.1

0.2

0.3

0.4

 

 

A
b

s
o

rb
a

n
c

e
 (

a
. 

u
.)

Wavelength (nm)

 (4) LB film

 (4) in bulk

300 400 500 600 700 800
0.0

0.5

1.0

1.5

2.0

 

 

A
b

s
o

rb
a

n
c

e
 (

a
. 

u
.)

Wavelength (nm)

 (1) - 11 days old solution

 (1) - Fresh solution

 (3) - 17 days old solution 

 (3) - Fresh solution

400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

 

 

A
b

s
o

rb
a

n
c

e
 (

a
. 

u
.)

Wavelength (nm)

 (1) LB film

 (1) in bulk

 (3) LB film

 (3) in bulk 

300 400 500 600 700 800 900
0.0

0.1

0.2

0.3

0.4

 

 

A
b

s
o

rb
a

n
c

e
 (

a
. 

u
.)

Wavelength (nm)

 (5) LB film

 (5) in bulk

(a) (b)

(c) (d)



www.manaraa.com

295 
 

prominent asymmetric and symmetric C—H stretching vibrations with a slight shift of bands. 

Also, in the IRRA spectra, enhanced asymmetric C—H stretching vibrations were observed 

relative to their bulk IR spectra. These features indicate well-ordered film deposition for 

manganese(III) complexes with tert-butyl rich metal-containing moieties pointing 

outward.
60,61,62,63

 These complexes showed C=N stretching vibrations at ~ 1585 cm
-1

.  

Static contact angles were measured for complexes 1 and 3 to evaluate their surface 

wetting ability. Monolayers of complexes 1 and 3, deposited onto glass substrates, showed 

contact angles of 81.75° ± 4.28° and 68.88° ± 2.49°, respectively, compared to 7.46° ± 0.42° 

for bare glass. These measurements indicated the hydrophobic nature of monolayer deposited 

glass surfaces. The data also suggested that complex 1 has a more hydrophobic character 

compared to complex 3.  
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Figure 7.9. IRRAS spectra of LB films (50 depositions) of (a) complex 1 and (b) complex 3 

and the bulk IR spectra of these complexes. 
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Figure 7.10. IRRAS spectra of LB films (50 depositions) of (c) complex 4 and (d) complex 5 

and the bulk IR spectra of these complexes. 

 A monolayer film of complex 3 was further analyzed by matrix assisted ionization 

vacuum (MAIV) mass spectrometry
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 to understand the composition of deposited LB films. 
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belonging to [C57H81MnN2O7 + H
+
], corresponding to the molecular ion peak (Figure 7.11). 

Overall, the UV-visible, IRRAS, contact angle measurements, and mass spectrometry data 
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Figure 7.11. MAIV mass analysis for complex 3, (a) bulk sample and (b) LB monolayer. 

 

7.3.8 Surface Characterization using Atomic Force Microscopy (AFM) 
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mN/m the film showed formation of small domains with sparse particles and when the 

surface pressure increased to 10 mN/m the domains became larger and connected. Therefore, 

these films showed a random, discontinued film deposition with defects on the monolayers 

such as large cracks and pinholes (Figure 7.13).  

 

Figure 7.12. AFM height images (top) and 3D views (bottom) of monolayer films deposited 

on mica substrates for complex 1: (a, b) at 10 mN/m, (c, d) at 20 mN/m, (e, f) at 25 mN/m, 

(g, h) at 30 mN/m, and
 
(i, j) at 35 mN/m; the scan size is 5 μm and Z range is 5 nm for all 

images.  
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Figure 7.13. AFM height images (top) and 3D views (bottom) of monolayer films deposited 

on mica substrates for complex 2: (a, b) at 5 mN/m and (c, d) at 10 mN/m; the scan size is 5 

μm and the Z range is 5 nm for all images. 

 

Figure 7.14. AFM height images (top) and 3D views (bottom) of monolayer films deposited 

on mica substrates at different surface pressures for complex 3: (a, b) at 5 mN/m, (c, d) at 15 

mN/m, (e, f) at 30 mN/m, and (g, h) at 39 mN/m; the scan size is 5 μm and the Z range is 3 

nm for all images. 
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 Surface roughness of the multilayer films was analyzed using AFM by depositing 1 to 

15 layers onto mica substrates. AFM height images and the 3D plots obtained for complexes 

1 and 3 are shown in Figure 7.15 and Figure 7.16, respectively. Upon increasing the number 

of layers, surface roughness increased. Also the film became rougher with more particles 

aggregated on the surface of the film.  

 

Figure 7.15. Surface roughness measurements of 1-15 LB layers deposited on mica 

substrates at 25 mN/m. AFM height images (top) and 3D surface plots (bottom) for complex 

1: (a, b) 1, (c, d) 5, (e, f) 11, and (g, h) 15 layers; the scan size is 5 μm and the Z range is 20 

nm for all images. 
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Figure 7.16. Surface roughness measurements of 1-15 LB layers deposited on mica 

substrates at 30 mN/m. AFM height images (top) and 3D surface plots (bottom) for complex 

3: (a, b) 1, (c, d) 5, (e, f) 11, and (g, h) 15 layers; the scan size is 1 μm and the Z range is 5 

nm for the images. 

 Thickness measurements of mono and multilayer films up to 15 layers deposited onto 

quartz substrates were determined by carefully blade-scratching the films and measuring the 

depth of the scratch. AFM height images as well as their sectional analysis along the 

scratches for 15 layer films of complexes 1 and 3 are shown in Figure 7.17 and Figure 7.18, 

respectively. Graphs obtained upon plotting layer number vs. layer thickness for complexes 1 

and 3 showed a linear relationship indicating a homogeneous film deposition. The slopes of 

these plots indicate the monolayer thickness for complexes 1 and 3 were found to be 0.9 nm 

and 1.2 nm, respectively. According to the measured depth of the monolayer scratch, the 

thicknesses of the monolayer films were found to be approximately 1.2 nm. The surface 

roughness and thickness measurements are tabulated in Table 7.7. AFM results of complexes 

(a) 1 layer: 0.16 0.03 nm (c) 5 layer: 0.22 0.05 nm (e) 11 layer: 0.28 0.01 nm (g) 15 layer: 0.41 0.01 nm
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1 and 3, suggested the formation of smooth mono and multilayer films with low surface 

roughness to indicate homogeneous film deposition.  

 

 

Figure 7.17. AFM height images and sectional analysis of complex 1 (15 layers) on quartz at 

25 mN/m: (a) 2D view, (b) 3D view, (c) sectional analysis along the black solid line, and (d) 

plot between the thickness (nm) vs. number of layers from 1 to 15 layers. 
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Figure 7.18. AFM height images and sectional analysis of complex 3 (15 layers) on quartz at 

30 mN/m: (a) 2D view, (b) 3D view, (c) sectional analysis along the black solid line, and (d) 

plot between the thickness (nm) vs. number of layers from 1 to 15 layers. 
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Compound Number of 

Layers 

Surface Roughness 

(nm) 

Thickness of the Film 

(nm) 

(1) 1 0.14 ± 0.03 1.2 ± 0.1 

5 1.0 ± 0.1 4.0 ± 0.4  

11 1.8 ± 0.4 8.6 ± 0.8 

15 2.3 ± 1.5 13.1 ± 0.7  

(3) 1 0.16 ± 0.03 1.2 ± 0.1  

5 0.22 ± 0.05 3.7 ± 0.6  

11 0.28 ± 0.01 14.2 ± 1.0  

15 0.41 ± 0.01 20.4 ± 1.8  

 

Table 7.7. Summary of surface roughness and thickness data of 1-15 LB layers for 

complexes 1 and 3 

 

7.3.9 Device Fabrication and Current-Voltage Characterization 

 Complex 3 was used for device fabrication and I-V characterization, because it was 

the most promising candidate among the other manganese(III) complexes. Also the iron(III) 

complex which was synthesized using the ligand, [H3L
4
] showed current rectification 

behavior. Complex 3 was also comprised of a [donor-acceptor]
66 

type structure similar to the 

iron(III) complex.
35

 After the formation of a homogeneous film at the air/water interface, a 

monolayer of complex 3 was deposited onto pre-cleaned gold coated mica substrate at 30 

mN/m. After drying the monolayer film inside a desiccator for 5 days, the top gold electrode 
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was deposited using shadow masking method. Using this method, a monolayer was 

sandwiched between two non-oxidizable gold electrodes to afford Au|LB-monolayer|Au 

device. Then, current-voltage (I-V) characteristics of the devices were measured at ambient 

conditions. Complex 3 showed an asymmetric I-V characteristic indicative of rectification 

behavior, nevertheless with a small magnitude of current (Figure 7.19). Rectification ratio 

(RR)
67

 for complex 3 varied from 1.41 to 4.45 between -2 and +2 V and from 1.76 to 10.7 

between -4 and +4 V. I-V characteristic data of complex 3 suggested the formation of an 

insulating layer, because complex 3 displayed very low current responses with negligible 

leakage currents even at high voltages. Therefore, complex 3 has the potential to be used as a 

dielectric layer in electronic components such as transistors.   
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Figure 7.19. I-V characteristics of complex 3 (a) from 4 to -4 V, (b) lower current observed 

after multiple scans between 4 and -4 V (c) from 2 to -2 V, and (d) symmetrical response 

observed after multiple scans. 

The observed small magnitude of current response could be related either to 

molecular, electronic, or film formation properties of complex 3. According to the AFM 

studies, complex 3 showed highly homogeneous film formation properties and the surface 

passivation experiments showed at least five monolayers are necessary to observe complete 

surface passivation. The surface passivation experiment was carried out by immersing a gold 

working electrode with an area of 2 cm
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in an aqueous solution of 1 × 10
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K3[Fe(CN)6] and 0.1 mol•L
-1

 in KCl. Then the redox response obtained for the Fe(II)/Fe(III) 

couple was recorded. During the experiment a Ag/AgCl Reference electrode and a Pt 

Auxiliary electrode were used and scans were recorded at a rate of 50 mV/s. Initially, the 

redox response was recorded using a bare gold electrode. Then redox responses were recoded 

with electrodes which were modified by depositing LB monolayers of complex 3 (at different 

surface pressures) and 5 layers at 30 mN/m (Figure 7.20). According to these results, the 

insulating behavior of complex 3 could arise due to electronic, structure, or unfitting   

HOMO-LUMO energy gaps with Fermi levels of metal electrodes.  

 

 

Figure 7.20. Cyclic voltammograms obtained for complex 3 during the surface passivation 

experiment.  
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7.4 Conclusions 

This chapter described the characterization of new series of [N2O3]- and           

[N2O2]-containing manganese complexes that were synthesized in an attempt to merge 

amphiphilic and redox properties. The ligand systems in this chapter were able to stabilize 

manganese(III) ions in pentacoordinate or hexacoordinate geometries. Mononuclear metal 

complexes showed ligand- and metal-centered redox properties. Complexes 1-5 showed 

diverse amphiphilic properties at the air/water interface. Complexes 1, 3, 4, and 5 showed 

homogeneous film formation properties. According to mass spectrometry, UV-visible and 

IRRAS spectroscopic studies, LB films exhibited crystalline-like well-packed topologies on 

solid substrates without structure decomposition. The film formation ability of complex 2 at 

the air/water interface was found to be weak due to the elevated hydrophobic nature of the 

compound. Studies that were performed in assessing the properties of complexes 1-6, 

suggested that both amphiphilic and redox properties can be merged into a single molecule. 

Current-voltage measurements carried out for Au|LB-monolayer|Au devices of complex 3 

displayed poor current responses and suggested an insulator-like behavior.  
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CHAPTER 8 

CONCLUSIONS AND PERSPECTIVES 

 

In recent years, with the development of organic field effect transistors (FET)
1
 and 

organic light emitting diodes,
2
 organic soft materials have gained vast interest in the 

electronics field. Also, after introducing metal ions into these organic ligands, their 

electronic, redox, photochemical, and magnetic properties can be controlled.
3
 Therefore, 

organic and inorganic systems that exhibit efficient electron transfers and that organize onto 

highly ordered assemblies are promising candidates in the molecule-based electronics field. 

Because the number of electrical components present on a chip doubles in every two years 

according to Moore’s Law,
4
 a huge barrier has formed in the development of high-tech 

electronic devices. Hence, molecule-based electronics have the potential to overcome the 

miniaturization of electrical components by eliminating the difficulties associated with 

semiconductor-based electronics, such as the leakage of current.
5
  

For the first time in the field of molecular electronics, a current rectifier was 

theoretically analyzed by Aviram and Ratner.
6
 Afterwards, many other groups provided 

experimental details regarding the use of organic materials as current rectifiers.
7
 In search of 

new materials that can be used for current rectification and to improve the knowledge of 

inorganic metal complexes as current rectifiers, this dissertation research are involved in the 

development of [Donor-Acceptor] type redox non-innocent metal complexes for current 

rectification. These complexes have asymmetric molecular structures, and many of them 

have hydrophilic and hydrophobic moieties attached to the main ligand structure. Therefore, 

they display surfactant properties, and hence, they behave as metallosurfactants.               
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Film-formation studies have been carried out using the Langmuir-Blodgett (LB) method,
8,9 

which is a method to develop ordered thin films with controlled thickness.  

To serve this purpose, phenolate-containing ligand systems with [N2O3] and [N2O2] 

donor sets and their gallium(III), iron(III), and manganese(III) complexes have been 

designed and synthesized. These ligand systems were able to stabilize the low global 

symmetries which are necessary for molecular rectification. Mostly pentacoordinate 

geometries were observed around the trivalent metal ions. The ligand structures were also 

functionalized with various electron-donating and -withdrawing substituents to modulate the 

electronic, redox, and film formation properties of the systems. The primary goals of my 

dissertation research was focused on the investigation of structure, electronic, redox, and film 

formation properties of [N2O3]- and [N2O2]-containing gallium(III), iron(III), and 

manganese(III) complexes and the study of the rectification behavior of these complexes in 

nanoscale devices. Infrared, NMR, UV-visible, and electron paramagnetic resonance 

spectroscopic methods; mass spectrometry; elemental analysis; and X-ray diffraction were 

carried out to characterize the compounds. Redox properties of the compounds were assessed 

by cyclic voltammetry. Film formation properties and thin film characterization were 

investigated by Langmuir-Blodgett (LB) isothermal compression, Brewster angle 

microscopy, atomic force microscopy, contact angle measurements, and IR 

reflection/absorption spectroscopy. Finally, device fabrication was carried out to measure the 

current-voltage characteristics of the metallosurfactants that I synthesized.  

Chapter 3 discussed the synthesis and characterization of asymmetric gallium(III) 

and iron(III) complexes coordinated to two nitrogen and three phenolate moieties. EPR 

studies showed that the iron(III) complexes are in their high spin state. These complexes 
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showed well-behaved redox properties with three ligand centered phenolate/phenoxyl redox 

couples. Iron(III) complexes showed one metal-centered cathodic redox process, and the 

gallium(III) complexes did not exhibit any metal mediated redox processes, due to its        

[Ar] 3d
10

 4s
1 

state, which needs 1480 kcal/mol to form the gallium(IV) species. Therefore, 

the study of gallium(III) complexes was helpful in identifying the ligand mediated redox 

properties and to distinguish the redox processes belonging to the iron(III) center. 

Additionally, the gallium(III) ion has a radius of 7.6 Å, which is comparable to the high spin 

iron(III) (radius = 7.8 Å), and therefore, gallium(III) complexes are good comparisons for 

iron(III) complexes. The iron(III) and gallium(III) complexes showed good film formation 

properties at the air/water and air/slid interfaces, and suggested a possible amine/imine 

conversion at the air/water interface. However, when the alkoxy substituents are present on 

the phenylenediamine moiety, the complexes showed poor film formation properties and 

behaved as hydrophobes. The results obtained from this project suggested that                 

film-formation and redox properties can be merged into a single molecule. Furthermore, the 

observed redox properties suggested that phenolate moieties can act as donors when 

coordinated trivalent metal ions and the iron(III) center can act as an electron acceptor. 

Finally, the data of this project proposed that, the properties of iron(III) complexes are 

suitable to carry out device fabrication to measure the current-voltage characteristics.  

Chapter 4 presented the structure, electronic, redox, and film formation properties of 

two iron(III) complexes with different coordination environments. The ligands contained 

electron-withdrawing nitro substituents on the phenylenediamine moiety, and the 

introduction of redox-active nitro substituents were important in achieving more redox 

accessible states. Well-behaved redox properties were observed when iron(III) was 
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coordinated to the [N2O3]-containing ligand rather than to the [N2O2] system. Thin film 

characterization data showed tightly packed, well-ordered anisotropic film deposition at the 

air/solid interface, and further evidence suggested that the molecular structure remained 

intact. Density functional theory (DFT) calculations were carried out to assign the redox 

sequence of the cathodic redox processes, and showed that the first reduction belonged to the 

Fe(III)/Fe(II) redox couple. Also, the introduction of nitro groups helped to lower the energy 

gap between highest occupied and lowest unoccupied molecular orbitals (HOMO-LUMO) 

and suggested that it is possible to access the Fe(III)/Fe(II) redox processes, when compared 

to complexes with electron-donating substituents on the phenylenediamine moiety. The data 

of this research project proposed that, different substituents on the phenylenediamine moiety 

help to fine-tune the electronic and redox properties. 

Chapter 5 focused on the analysis of an iron(III)/phenolate system, which is suitable 

for device fabrication. This pentacoordinate iron(III) complex also showed an amine/imine 

conversion at the air/water interface and showed well-distinguished redox properties. The 

device fabrication was carried out by sandwiching a well-ordered LB monolayer between 

two gold electrodes. The current-voltage characteristics were measured across the LB 

monolayer. The Au|LB-monlayer|Au devices showed asymmetrical current responses, which 

were indicative of current rectifying behavior. This study showed that triphenolate-

coordinated iron(III) systems are suitable for current rectification and suggested that the 

phenolate moieties and the metal center act as electron-donor (D) and electron-acceptor (A). 

Chapter 6 investigated the possibility of using iron(III) complexes with [N2O2] 

coordination environments for device fabrication and current rectification. To address these 

matters, two iron(III) complexes were synthesized using [N2O2]-containing salophen-type 
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ligands. Phenolate moieties were substituted with tert-butyl and nitro groups to modulate the 

redox and surfactant properties. The nitro substituted iron(III) complex formed a μ-oxo 

bridged species and showed poor solubility, and was not a suitable candidate for device 

fabrication studies. The tert-butyl substituted iron(III) complex showed well-behaved redox 

processes. Also, the spectroscopic analyses performed on LB films showed closely packed, 

well-ordered, anisotropic thin films with intact molecular structures. Then,                   

Au|LB-monlayer|Au nanoscale devices were fabricated and current-voltage characteristics 

were measured. The electrical data of tert-butyl substituted iron(III) complex demonstrated 

asymmetrical current responses, indicative of current rectification. The DFT calculations and 

comparison studies carried out with a copper(II) analogue suggested, that the pentacoordinate 

geometry, which gives rise to the asymmetric nature of the metal complex, is crucial for 

current rectification. The data also suggested that the LUMO energy levels are metal-

centered and the HOMO energy levels are ligand-centered. The DFT data showed that the 

singly occupied molecular orbitals (SOMO) can act as LUMOs due to the presence of five 

partially filled d-orbitals in the high spin iron(III) complex. Furthermore, calculations carried 

out using DFT and redox potentials for this [D-A] type iron(III) complex suggested that the 

SOMO energy level is accessible during the electron transfer process and HOMO is not 

involved in the electron transfer pathway. Therefore, the asymmetric current rectification 

mechanism is potentially applicable in this iron(III) complex. 

In Chapter 7, a series of manganese(III) complexes were investigated to study the 

film formation and current rectification behavior. These manganese(III) complexes were 

synthesized with penta and hexacoordinate geometries. Manganese(III) complexes showed 

well-behaved redox properties with metal-centered manganese(III)/(II) redox processes. 
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Most of the complexes exhibited homogeneous film formation properties. The films were 

characterized with UV-visible and infrared reflection absorption spectroscopic methods to 

suggest that the molecular composition remained unchanged during the film formation and 

deposition processes. The complexes also displayed the formation of well-ordered films. The 

device fabrication was carried out for the most promising candidate, [Mn
III

L
4I

], and showed 

asymmetric current responses with poor current amplitudes. The observed discrepancy of 

current responses between the iron(III) and manganese(III) complexes could be due to 

structure, electronic properties, to unfitting energies in the HOMO-LUMO energy gaps with 

Fermi levels of the metal electrode, or to both reasons. Thus, further investigations are 

necessary to unveil the cause to the observed discrepancy. 

 In summary, successful results were obtained in the synthesis and characterization of 

new [N2O3] and [N2O2] ligands, and their gallium(III), iron(III), and manganese(III) 

complexes. The investigations carried out on different phenolate based gallium(III), iron(III), 

and manganese(III) complexes showed successful results in merging redox and film 

formation properties into single molecular systems, where the different substituents on the 

phenylenediamine and phenolate moieties assisted the fine-tuning of redox and amphiphilic 

properties. The iron(III) complexes with both [N2O3] and [N2O2] environments showed 

asymmetrical current responses for Au|LB-monolayer|Au devices, indicative of current 

rectifying behavior. In iron(III)/phenolate systems, the asymmetrical nature of the complex 

helps in current rectification. The DFT and electrochemical calculations carried out for an 

iron(III) complex, suggested a possible asymmetric current rectification mechanism. 

To improve the understanding of current rectification behavior in metallosurfactants, 

and to develop this research project further, a few studies can be suggested: one key 
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requirement for molecular rectification is the distinguished [D-A] type molecular structure. 

Typically, these two entities are separated via σ- or π-type bridge. Therefore, new molecular 

designs can be introduced to identify the role of the donors and acceptors. By introducing 

pyridine-containing groups (Figure 8.1), can hypothesize that the current rectification 

behavior to diminish, because the pyridine unit acts as an acceptor. Therefore, the typical  

[D-A] structure will become imbalanced.     

 

Figure 8.1. Proposed pyridine-containing ligands. 

  

 To have efficient electron transfer at the metal|molecule junction, the energy of the 

frontier molecular orbitals should be comparable to the metal Fermi level. Therefore, 

modulating the HOMO and LUMO energies with different substituents is expected to 

provide a better understanding about this phenomenon. The dissertation research (chapter 4 
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and 6) discussed some of the possibilities that can affect the energies of the frontier 

molecular orbitals. To analyze this concept further, a few possible ligand designs are shown 

in Figure 8.2.    

 

Figure 8.2. Proposed ligands to modulate the orbital energies. 

 

 The data discussed in this thesis, provide evidence to support, that iron(III) metal 

centers act as electron acceptors (A) and phenolate moieties act as electron donors (D). 

However, there was no clear evidence of a bridge between the two entities. Structures with 

distinguished donor and acceptor moieties that are separated via σ- or π-bridges are         

well-known.
7,10

 In [D-σ-A] and [D-π-A] structures, the bridge helps avoid charge 

recombination. Therefore, to understand electrical communication between donor and 

acceptor moieties of iron(III)-containing metallosurfactants, iron(III) centers could be 

replaced by redox inactive metals, and a well-separated electron acceptor moiety could be 

introduced as shown in Figure 8.3. 
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Figure 8.3. Proposed structure with distinguished donor and acceptor moieties. 

 

 This dissertation research discussed molecular systems with metal-based acceptors 

and ligand-based donors for current rectification. Therefore, the investigation of new 

molecular designs, which are based on ligand-mediated acceptors and donors (catechol-

containing ligands), and metal-mediated donors, such as iron(II), cobalt(II), and 

ruthenium(II) ions, and ligand-mediated acceptors, such as terpyridine entities, are important 

for the development of molecular rectifiers. Proposed molecular designs are shown in Figure 

8.4.  
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Figure 8.4. Proposed (a) ligand-based, and (b, c, d) metal- and ligand-based molecular 

structures. 

 

 Molecular rectification can occur via different mechanisms, such as Schottky, 

asymmetric, and unimolecular.
10

 The Schottky rectification occurs when two different 

electrodes are used to fabricate the metal|molecule|metal devices. The other possibility is to 

form devices with different dipole moments at the two electrodes. Different dipole moments 

originate, when the monolayer attaches to one electrode via physisorption and to the other via 

chemisorption interactions. If devices are fabricated using the LB method, monolayers will 

attach to both electrodes via physisorption interactions. Self-assembly is also widely used for 
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device fabrication. During this method, self-assembled monolayers (SAM) will attach to the 

electrodes via physisorption and chemisorption interactions. Therefore, two similar metal-

containing molecular structures can be used to study this concept. The proposed molecules 

for the formation of chemisorbed and physisorbed monolayers are shown in Figure 8.5. 

During this dissertation research, only the physisorption method was followed to obtain the 

nanoscale devices.  

 

 

Figure 8.5. Proposed molecules for LB and SAM monolayers. 

 

  

 

 



www.manaraa.com

327 
 

REFERENCE 

 

1. Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E.; Geerligs L. J.; Dekker, C.  

    Nature 1997, 386, 474. 

2. Sun, Y.; Giebink, N. C.; Kanno, H.; Ma, B.; Thompson, M. E.; Forrest, S. R. Letters to 

Nature 2006, 440, 908. 

3. Low, P. J. Dalton Trans. 2005, 2821. 

4. Lundstrom, M. Science 2003, 299, 210. 

5. Roth, K. M.; Yasseri, A. A.; Liu, Z.; Dabke, R. B.; Malinovskii, V.; Schweikart, K.-H.; 

Yu, L.; Tiznado, H.; Zaera, F.; Lindsey, J. S.;Kuhr, W. G.; Bocian,D. F. J. Am. Chem. Soc. 

2003, 125, 505. 

6. Aviram, A.; Ratner, M. A. Chem. Phys. Lett. 1974, 29, 277. 

7. Metzger, R. M. J. Mater. Chem. 2008, 18, 4364. 

8. Blodgett, K. B. J. Am. Chem. Soc. 1935, 57, 1007. 

9. Blodgett, K. B.; Langmuir, I. Phys. Rev. 1937, 51, 964. 

10. Metzger, R. M. Chem. Rev. 2003, 103, 3803. 

 



www.manaraa.com

328 
 

APPENDIX A 

Characterization of Compounds Not Included in Chapters 

N,N'-(4,5-Bis(octadecyloxy)-1,2-phenylene)dipicolinamide and its gallium(III) 

complex were synthesized and structurally characterized using multiple methods. 

 

Scheme A.1. Synthesis of ligand [H2L
N,N-DPAOR

] and its gallium(III) complex           

[GaL
N,N-DPAOR

].  
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Synthesis of [H2L
N,N-DPAOR

], N,N'-(4,5-bis(octadecyloxy)-1,2-phenylene)dipicolinamide.  

To a mixture of picolinic acid (0.401 g, 3.26 mmol) and triphenyl phosphite (1.01 g, 

0.860 ml, 3.26 mmol) in anhydrous pyridine (10 mL), a solution of 4,5-

bis(octadecyloxy)benzene-1,2-diamine (1.05 g, 1.63 mmol) in anhydrous pyridine (20 mL) 

was cannulated under inert conditions. This solution was heated in a water bath for 5 hours. 

Then the solution was stored at ambient conditions for 18 hours and ~ 5 mL of methanol was 

added to the obtained golden brown solution. The pale brown precipitate obtained after 

standing at room temperature for 18 hours was filtered and washed with methanol to obtain a 

pale yellow precipitate of [H2L
N,N-DPAOR

]. Yield: 55.9%. ESI (m/z
+
) = 855.6721 (100%) for 

[C54H86N4O4 + H
+
] (calculated = 855.6727) in agreement with -0.7 ppm difference. 

1
H NMR, 

ppm (CDCl3, 400 MHz):  0.855 (t, 6H
CH3

), 1.233 (s, 56H
CH2

), 1.448 (quin, 4H
CH2

), 1.812 

(quin, 4H
CH2

), 4.021 (t, 4H
OCH2

), 7.407 (s, 2H
ph

), 7.433 (td, 2H
py

), 7.875 (td, 2H
py

), 8.283 

(dd, 2H
py

), 8.533 (dd, 2H
py

), 10.096 (s, 2H
NH

). IR (KBr, cm
-1

) 3301 (νN-H), 2850-2920 (νC-H), 

1660-1680 (νC=O), 1609, 1591, 1570, and 1529 (νC=C, aromatic and νC=N, pyridine), 1236 (νC-

O-C). 

 

Synthesis of complex [GaL
N,N-DPAOR

]. 

To a anhydrous N,N-dimethylformamide solution (15 mL) of [H2L
N,N-DPAOR

] (0.150 

g, 0.175 mmol) and triethylamine  (0.110 ml, 0.750 mmol) was slowly added a methanolic 

solution (5 mL) of GaCl3 (0.031 g, 0.175 mmol) under inert conditions. The obtained 

solution was heated at reflux for 18 hours. After allowing the reaction mixture to reach 

ambient temperature, 10 mL of methanol was added, and the resulting mixture was stored at 

4 °C for 18 h. The precipitate was filtered, washed with methanol, and dried to yield an 
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orange solid of [GaL
N,N-DPAOR

]. Yield: 91.4%. ESI (m/z
+
) = 953.6012 for [C55H88N4O5Ga

+
] 

(calculated = 953.6011) in agreement with 0.1 ppm difference. Anal. Calc. for 

[C55H88N4O5ClGa]: C, 66.69; H, 8.96; N, 5.66%. Found: C, 67.04; H, 9.20; N, 5.29%. IR 

(KBr, cm
-1

) 2850-3070 (νC-H), 1626-1680 (νC=O), 1596, 1566, and 1529 (νC=C, aromatic and 

νC=N, pyridine), 1232 (νC-O-C). 

 

Electronic and Redox Properties of [H2L
N,N-DPAOR

] and [GaL
N,N-DPAOR

] 

 The UV-visible spectra of ligand, [H2L
N,N-DPAOR

] and gallium(III) complex were 

measured using 1×10
-4

 mol•L
-1

 dichloromethane solution. The uncoordinated ligand, 

[H2L
N,N-DPAOR

] showed two bands at 253 nm (ε, ~ 16100 L•mol
-1

•cm
-1

)  and 312 nm (ε, ~ 

9900 L•mol
-1

•cm
-1

). Complex [GaL
N,N-DPAOR

] showed absorption bands at 252 nm (ε, ~ 

17000 L•mol
-1

•cm
-1

), 321 nm (ε, ~ 7970 L•mol
-1

•cm
-1

), and ~ 425 nm (ε, ~ 3880 L•mol
-1

•cm
-

1
). These bands can be assigned to be intra-ligand π → π* charge transitions.

1,2
 The obtained 

UV-visible spectra are shown in the Figure A.1 and the data are tabulated in Table A.1. 

Compound max(nm), ε (L•mol
-1

•cm
-1

) 

(CH2Cl2) 

[H2L
N,N-DPAOR

] 253 (16112), 312 (9895) 

[GaL
N,N-DPAOR

] 252 (17006), 321 (7966), ~ 425 (3882) 

 

Table A.1. The UV-visible spectroscopic data of ligand, [H2L
N,N-DPAOR

] and [GaL
N,N-DPAOR

] 

in 1.0 × 10
-4

 mol•L
-1

 dichloromethane solutions. 
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Figure A.1. The UV-visible spectra of [H2L
N,N-DPAOR

] and [GaL
N,N-DPAOR

] in 1.0 × 10
-4

 

mol•L
-1

 dichloromethane solutions. 

 

The cyclic voltammetry data of [GaL
N,N-DPAOR

] was recorded in dichloromethane 

using TBAPF6 as the supporting electrolyte. All potential values were recorded versus the 

Fc
+
/Fc couple. The cyclic voltammogram of [GaL

N,N-DPAOR
] is given in Figure A.2 and its 

potential values are given in Table A.2. [GaL
N,N-DPAOR

] showed a ligand-centered oxidation 

and reduction processes in its cyclic voltammogram. The cathodic process appeared at ~ -2 V 

can be attributed to the pyridine reduction. [GaL
N,N-DPAOR

] showed three well-defined quasi-

reversible oxidation processes in its cyclic voltammogram. The oxidation process at ~ 0.22 V 

vs. Fc
+
/Fc (ΔEp = 0.09 V, |Ipa/Ipc| = 1.27) can be assigned to the phenylenediamine bridge 

oxidation to form a delocalized π-radical species as seen in the literature.
2 

The other two 

oxidation processes at ~ 0.53 V (ΔEp = 0.12 V) and ~ 0.72 V (ΔEp = 0.15 V, |Ipa/Ipc| = 0.92) 
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vs. Fc
+
/Fc can be assigned to be ligand-based amide oxidations. Further experiments are 

necessary to distinguish each of these oxidation processes.
 

 

Figure A.2. Cyclic voltammogram of [GaL
N,N-DPAOR

] in 1.0 × 10
-3

 mol•L
-1

 dichloromethane 

solutions. 

 

Epc (V) 

 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

E½, (ΔEp) 

(V) 

E½, (ΔEp) 

(V) 

│Ipa/Ipc│ 

-1.930  

 

0.217 (0.094) 

│1.27│ 

0.527 (0.121) 0.722 (0.151) 

│0.92│ 

 

Table A.2. E½ and ΔEp values vs. Fc
+
/Fc for each of the redox processes shown by     

[GaL
N,N-DPAOR

]. 

 

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 -2.5

Potential (V)

 [GaL
N,N-DPAOR
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2-Hydroxy-5-methylisophthalaldehyde and its copper(II) dimer-complex were 

synthesized and structurally characterized using multiple methods. 

 

 

Scheme A.2. Synthesis of copper(II) complex [Cu
II

Cu
II

L
asato-OCH3

]. 

 

  Templating reactions were followed to synthesize symmetrical bicompartmental 

copper(II) complex. 4,5-dimethoxybenzene-1,2-diamine
3
 and 2-hydroxy-5-

methylisophthalaldehyde
4
 were used as precursor ligands (Scheme A.2). 
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Synthesis of metal complex [Cu
II

Cu
II

L
asato-OCH3

] 

After isolating 2-hydroxy-5-methylisophthalaldehyde, the compound was treated with 

metal salts [Cu(CH3COO)2·(H2O) and CuCl2·(H2O)2, (1:1)] for one hour at ambient 

temperature in anhydrous 10:1 ethanol/N,N-dimethylformamide solvent mixture (11 mL) to 

obtain the bi-metalated species. The mixture was further treated with 4,5-dimethoxybenzene-

1,2-diamine in anhydrous ethanol for two hours under reflux conditions to obtain the 

Robson-type symmetric bimetallic macrocycle [Cu
II

Cu
II

L
asato-OCH3

]. The metal complex     

[Cu
II

Cu
II

L
asato-OCH3

] was insoluble in most organic solvents except for N,N-

dimethylformamide and dimethyl sulfoxide. Yield: 25.2%. ESI (m/z
+
) = 751.0438 for 

[C34H30N4O6ClCu2
+
]. Anal. Calc. for [C34H30N4O6Cl2Cu2·2H2O]: C, 49.52; H, 4.16; N, 

6.79%. Found: C, 49.37; H, 4.61; N, 7.53%. IR (KBr, cm
-1

) 3005, 2942, 2837, 1609, 1571, 

1509, 1465, 1439, 1410, 1377, 1352, 1331, 1303, 1277, 1223, 1182, 1113, 1063, 1031, 1002, 

763. 
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APPENDIX B 

Crystal structure data of complex [Fe
III

L
1’

], (5’) in Chapter 3 

 

Figure B.1. X-ray crystal structure data of complex [Fe
III

L
1’

], (5’). 
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Formula 

M 

Space group 

a / Å 

b/ Å 

c/ Å 

α/ 
o
 

β/ 
o
 

γ/ 
o
 

V/ Å
3
 

Z 

T/ K 

λ/ Å 

Dcalc/ g cm
-3

 

µ/ mm
-1

 

R(F)
 
(%) 

Rw(F) (%) 

C55H71FeN2O3 

863.99 

P(-1) 

15.8704(5) 

16.2473(4) 

21.0057(6) 

84.049(1) 

71.559(1) 

75.613(1) 

4975.2(2) 

4 

100(2) 

0.71073 

1.153 

0.346 

4.93 

10.08 

a
R(F) = ∑║Fo│-│Fc║ ∕ ∑│Fo│; Rw(F) = [∑w(Fo

2
 – Fc

2
)
2 
/ ∑w(Fo

2
)
2
]
1/2 

for I > 2σ(I) 

Table B.1.  Important crystal structure parameters
a
 of complex [Fe

III
L

1’
], (5’). 
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Atom1 Atom2 Length  Atom1 Atom2 Length  

FE1 O1 1.9107 C20 H20 1.0267 

FE1 N1 2.0746 C21 C22 1.4020 

FE1 N2 2.2591 C21 C40 1.5340 

FE1 O2 1.8611(1) C22 C23 1.3902 

FE1 O3 1.8664 C22 H22 0.9912 

O1 C1 1.3150 C23 C24 1.4178 

C1 C2 1.4278 C23 C44 1.5343 

C1 C6 1.4271 C24 O2 1.3554 

C2 C3 1.3850 C25 C26 1.5006 

C2 C32 1.5411 C25 H25A 0.9361 

C3 C4 1.4128 C25 H25B 0.9726 

C3 H3 0.9381 C26 C27 1.3940 

C4 C5 1.3704 C26 C31 1.4031 

C4 C36 1.5393 C27 C28 1.3939 

C5 C6 1.4151 C27 H27 0.9497 

C5 H5 0.9492 C28 C29 1.4054 

C7 N1 1.3086 C28 C48 1.5357 

C7 H7 0.9525 C29 C30 1.3931 

N1 C8 1.4189 C29 H29 0.9427 

C8 C9 1.3843 C30 C31 1.4179 

C8 C17 1.4201 C30 C52 1.5413 

C9 C10 1.4217 C31 O3 1.3454 

C9 H9 0.9831 C32 C33 1.5333 

C10 C11 1.4200 C32 C34 1.5405 

C10 C15 1.4216 C32 C35 1.5419 

C11 C12 1.3739 C33 H33A 0.9800 

C11 H11 0.9240 C33 H33B 0.9800 

C12 C13 1.4083 C33 H33C 0.9800 

C12 H12 0.9844 C34 H34A 0.9800 

C13 C14 1.3678 C34 H34B 0.9800 

C13 H13 0.9516 C34 H34C 0.9800 

C14 C15 1.4184 C35 H35A 0.9800 

C14 H14 0.9185 C35 H35B 0.9800 

C15 C16 1.4180 C35 H35C 0.9800 

C16 C17 1.3641 C36 C37 1.5167 

C16 H16 0.9141 C36 C38 1.5468 

C17 N2 1.4543 C36 C39 1.5177 

N2 C18 1.4934 C37 H37A 0.9800 

N2 C25 1.5026 C37 H37B 0.9800 

C18 C19 1.4993 C37 H37C 0.9800 

C18 H18A 1.0082 C38 H38A 0.9800 

C18 H18B 0.9835 C38 H38B 0.9800 

C19 C20 1.4004 C38 H38C 0.9800 

C19 C24 1.4047 C39 H39A 0.9800 
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C20 C21 1.3838 C52 C53 1.5360 

C39 H39C 0.9800 C52 C54 1.5291 

C40 C41 1.5339 C52 C55 1.5406 

C40 C42 1.5425 C53 H53A 0.9800 

C40 C43 1.5305 C53 H53B 0.9800 

C41 H41A 0.9800 C53 H53C 0.9800 

C41 H41B 0.9800 C54 H54A 0.9800 

C41 H41C 0.9800 C54 H54B 0.9800 

C42 H42A 0.9800 C39 H39B 0.9800 

C42 H42B 0.9800 C54 H54C 0.9800 

C42 H42C 0.9800 C55 H55A 0.9800 

C43 H43A 0.9800 C55 H55B 0.9800 

C43 H43B 0.9800 C55 H55C 0.9800 

C43 H43C 0.9800 C48 C50 1.5331 

C44 C45 1.5361 C48 C51 1.5337 

C44 C46 1.5301 C49 H49A 0.9800 

C44 C47 1.5376 C49 H49B 0.9800 

C45 H45A 0.9800 C49 H49C 0.9800 

C45 H45B 0.9800 C50 H50A 0.9800 

C45 H45C 0.9800 C50 H50B 0.9800 

C46 H46A 0.9800 C50 H50C 0.9800 

C46 H46B 0.9800 C51 H51A 0.9800 

C46 H46C 0.9800 C51 H51B 0.9800 

C47 H47A 0.9800 C51 H51C 0.9800 

C47 H47B 0.9800    

C47 H47C 0.9800    

C48 C49 1.5338    

 

Table B.2.  Bond lengths (Å) for complex [Fe
III

L
1’

], (5’). 
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Crystal structure data of complex [Fe
III

L
trisPhO-NO2I

] (1) in Chapter 4 

 

 

Figure B.2. ORTEP diagram of complex [Fe
III

L
trisPhO-NO2I

] (1). 
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Identification code  CNV312_0m  

Empirical formula  C51.5H69.5FeN4O8  

Formula weight  928.46  

Temperature/K  173(2)  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  21.5860(17)  

b/Å  19.7699(16)  

c/Å  25.059(2)  

α/°  90.00  

β/°  106.9200(10)  

γ/°  90.00  

Volume/Å
3
  10231.2(14)  

Z  8  

ρcalcmg/mm
3
  1.206  

m/mm
-1

  0.349  

F(000)  3972.0  

Crystal size/mm
3
  0.37 × 0.25 × 0.23  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection  3.4 to 50.72°  

Index ranges  -25 ≤ h ≤ 25, -23 ≤ k ≤ 23, -30 ≤ l ≤ 30  

Reflections collected  149130  

Independent reflections  18732 [Rint = 0.0745, Rsigma = 0.0453]  

Data/restraints/parameters  18732/0/1229  

Goodness-of-fit on F
2
  0.992  

Final R indexes [I>=2σ (I)]  R1 = 0.0569, wR2 = 0.1541  

Final R indexes [all data]  R1 = 0.0863, wR2 = 0.1765  

Largest diff. peak/hole / e Å
-3

  1.20/-0.61  

 

 

Table B.3.  Crystal data and structure refinement for [Fe
III

L
trisPhO-NO2I

] (1). 
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Atom Atom Length/Å   Atom Atom Length/Å 

Fe1A O1A 1.911(2)   C48A C51A 1.576(11) 

Fe1A O2A 1.856(2)   Fe1B O1B 1.911(2) 

Fe1A O3A 1.862(2)   Fe1B O2B 1.865(2) 

Fe1A N1A 2.100(3)   Fe1B O3B 1.864(2) 

Fe1A N2A 2.213(2)   Fe1B N1B 2.096(3) 

O1A C1A 1.306(4)   Fe1B N2B 2.233(3) 

O2A C39A 1.341(4)   O1B C1B 1.311(4) 

O3A C24A 1.346(4)   O2B C39B 1.357(4) 

O4A N3A 1.190(4)   O3B C24B 1.349(4) 

O5A N3A 1.216(4)   O4B N3B 1.199(4) 

O6A N4A 1.204(4)   O5B N3B 1.224(4) 

O7A N4A 1.217(4)   O6B N4B 1.207(4) 

N1A C7A 1.307(4)   O7B N4B 1.194(5) 

N1A C16A 1.415(4)   N1B C7B 1.319(4) 

N2A C21A 1.442(4)   N1B C16B 1.398(4) 

N2A C22A 1.513(4)   N2B C21B 1.448(4) 

N2A C37A 1.506(4)   N2B C22B 1.508(4) 

N3A C18A 1.472(4)   N2B C37B 1.502(4) 

N4A C19A 1.457(4)   N3B C18B 1.472(4) 

C1A C2A 1.417(4)   N4B C19B 1.465(4) 

C1A C6A 1.431(4)   C1B C2B 1.418(4) 

C2A C3A 1.423(4)   C1B C6B 1.427(4) 

C2A C7A 1.415(4)   C2B C3B 1.427(4) 

C3A C4A 1.367(5)   C2B C7B 1.407(4) 

C4A C5A 1.417(5)   C3B C4B 1.366(5) 

C4A C8A 1.529(4)   C4B C5B 1.415(5) 

C5A C6A 1.383(5)   C4B C8B 1.540(5) 

C6A C12A 1.538(5)   C5B C6B 1.377(5) 

C8A C9A 1.531(5)   C6B C12B 1.538(5) 

C8A C10A 1.533(5)   C8B C9B 1.522(6) 

C8A C11A 1.535(5)   C8B C10B 1.524(5) 

C12A C13A 1.526(5)   C8B C11B 1.529(6) 

C12A C14A 1.528(5)   C12B C13B 1.540(5) 

C12A C15A 1.530(5)   C12B C14B 1.532(5) 

C16A C17A 1.399(4)   C12B C15B 1.544(5) 

C16A C21A 1.402(4)   C16B C17B 1.406(4) 

C17A C18A 1.369(4)   C16B C21B 1.399(4) 

C18A C19A 1.390(5)   C17B C18B 1.362(5) 

C19A C20A 1.372(4)   C18B C19B 1.385(5) 

C20A C21A 1.384(4)   C19B C20B 1.376(5) 

C22A C23A 1.497(4)   C20B C21B 1.378(4) 

C23A C24A 1.403(4)   C22B C23B 1.502(4) 

C23A C28A 1.386(4)   C23B C24B 1.400(4) 

C24A C25A 1.406(4)   C23B C28B 1.390(4) 
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C25A C26A 1.394(5)   C24B C25B 1.420(4) 

C25A C29A 1.543(5)   C25B C26B 1.393(4) 

C26A C27A 1.393(5)   C25B C29B 1.540(4) 

C27A C28A 1.385(4)   C26B C27B 1.395(4) 

C27A C33A 1.532(5)   C27B C28B 1.382(4) 

C29A C30A 1.533(5)   C27B C33B 1.537(4) 

C29A C31A 1.530(6)   C29B C30B 1.529(5) 

C29A C32A 1.534(5)   C29B C31B 1.522(5) 

C33A C34A 1.50(2)   C29B C32B 1.531(5) 

C33A C35A 1.497(9)   C33B C34B 1.537(5) 

C33A C36A 1.638(10)   C33B C35B 1.537(5) 

C33A C34C 1.49(3)   C33B C36B 1.534(5) 

C33A C35C 1.682(15)   C37B C38B 1.494(5) 

C33A C36C 1.375(13)   C38B C39B 1.399(5) 

C37A C38A 1.496(4)   C38B C43B 1.390(5) 

C38A C39A 1.406(5)   C39B C40B 1.407(5) 

C38A C43A 1.369(5)   C40B C41B 1.409(5) 

C39A C40A 1.412(5)   C40B C44B 1.535(6) 

C40A C41A 1.376(6)   C41B C42B 1.405(6) 

C40A C44A 1.532(5)   C42B C43B 1.375(5) 

C41A C42A 1.390(6)   C42B C48B 1.534(5) 

C42A C43A 1.388(6)   C44B C45B 1.532(6) 

C42A C48A 1.576(7)   C44B C46B 1.525(6) 

C44A C45A 1.541(5)   C44B C47B 1.536(5) 

C44A C46A 1.528(6)   C48B C49B 1.528(6) 

C44A C47A 1.543(5)   C48B C50B 1.523(7) 

C48A C49A 1.418(9)   C48B C51B 1.524(7) 

C48A C50A 1.595(11)   O1S C1S 1.481(10) 

 

Table B.4.  Bond lengths (Å) of [Fe
III

L
trisPhO-NO2I

] (1). 
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Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O1A Fe1A N1A 86.65(9)   C46A C44A C47A 108.3(3) 

O1A Fe1A N2A 163.04(10)   C42A C48A C50A 108.2(6) 

O2A Fe1A O1A 101.97(10)   C42A C48A C51A 106.9(6) 

O2A Fe1A O3A 119.16(10)   C49A C48A C42A 112.1(6) 

O2A Fe1A N1A 112.36(10)   C49A C48A C50A 107.1(6) 

O2A Fe1A N2A 90.89(9)   C49A C48A C51A 103.9(7) 

O3A Fe1A O1A 93.74(9)   C51A C48A C50A 118.7(8) 

O3A Fe1A N1A 127.09(10)   O1B Fe1B N1B 85.36(9) 

O3A Fe1A N2A 89.50(9)   O1B Fe1B N2B 156.94(10) 

N1A Fe1A N2A 78.17(9)   O2B Fe1B O1B 106.59(10) 

C1A O1A Fe1A 135.8(2)   O2B Fe1B N1B 106.34(10) 

C39A O2A Fe1A 128.2(2)   O2B Fe1B N2B 92.81(10) 

C24A O3A Fe1A 126.04(19)   O3B Fe1B O1B 94.75(9) 

C7A N1A Fe1A 124.5(2)   O3B Fe1B O2B 113.78(10) 

C7A N1A C16A 119.8(3)   O3B Fe1B N1B 137.91(10) 

C16A N1A Fe1A 115.43(19)   O3B Fe1B N2B 88.49(9) 

C21A N2A Fe1A 109.81(17)   N1B Fe1B N2B 77.12(9) 

C21A N2A C22A 110.3(2)   C1B O1B Fe1B 133.4(2) 

C21A N2A C37A 112.1(2)   C39B O2B Fe1B 120.1(2) 

C22A N2A Fe1A 108.16(17)   C24B O3B Fe1B 125.92(18) 

C37A N2A Fe1A 106.95(17)   C7B N1B Fe1B 121.5(2) 

C37A N2A C22A 109.4(2)   C7B N1B C16B 119.1(3) 

O4A N3A O5A 124.5(4)   C16B N1B Fe1B 117.44(19) 

O4A N3A C18A 117.8(3)   C21B N2B Fe1B 110.99(18) 

O5A N3A C18A 117.5(3)   C21B N2B C22B 110.3(2) 

O6A N4A O7A 123.1(3)   C21B N2B C37B 109.7(2) 

O6A N4A C19A 118.5(3)   C22B N2B Fe1B 109.18(18) 

O7A N4A C19A 118.3(3)   C37B N2B Fe1B 104.88(18) 

O1A C1A C2A 120.1(3)   C37B N2B C22B 111.7(2) 

O1A C1A C6A 120.3(3)   O4B N3B O5B 125.7(3) 

C2A C1A C6A 119.6(3)   O4B N3B C18B 118.5(3) 

C1A C2A C3A 119.9(3)   O5B N3B C18B 115.5(3) 

C7A C2A C1A 123.2(3)   O6B N4B C19B 118.1(3) 

C7A C2A C3A 116.5(3)   O7B N4B O6B 124.0(4) 

C4A C3A C2A 121.5(3)   O7B N4B C19B 117.9(3) 

C3A C4A C5A 117.0(3)   O1B C1B C2B 120.5(3) 

C3A C4A C8A 123.8(3)   O1B C1B C6B 120.6(3) 

C5A C4A C8A 119.0(3)   C2B C1B C6B 118.9(3) 

C6A C5A C4A 125.0(3)   C1B C2B C3B 120.5(3) 

C1A C6A C12A 120.7(3)   C7B C2B C1B 122.8(3) 

C5A C6A C1A 116.9(3)   C7B C2B C3B 116.7(3) 

C5A C6A C12A 122.3(3)   C4B C3B C2B 121.2(3) 

N1A C7A C2A 127.7(3)   C3B C4B C5B 116.7(3) 

C4A C8A C9A 111.5(3)   C3B C4B C8B 123.5(3) 
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C4A C8A C10A 110.5(3)   C5B C4B C8B 119.8(3) 

C4A C8A C11A 108.7(3)   C6B C5B C4B 125.6(3) 

C9A C8A C10A 108.8(3)   C1B C6B C12B 120.1(3) 

C9A C8A C11A 108.2(3)   C5B C6B C1B 117.2(3) 

C10A C8A C11A 109.0(3)   C5B C6B C12B 122.7(3) 

C13A C12A C6A 110.5(3)   N1B C7B C2B 127.0(3) 

C13A C12A C14A 110.0(3)   C9B C8B C4B 111.4(3) 

C13A C12A C15A 107.5(3)   C9B C8B C10B 108.9(4) 

C14A C12A C6A 109.4(3)   C9B C8B C11B 109.2(4) 

C14A C12A C15A 107.8(3)   C10B C8B C4B 109.3(3) 

C15A C12A C6A 111.7(3)   C10B C8B C11B 108.5(3) 

C17A C16A N1A 124.8(3)   C11B C8B C4B 109.5(3) 

C17A C16A C21A 118.6(3)   C6B C12B C13B 111.2(3) 

C21A C16A N1A 116.5(3)   C6B C12B C15B 108.7(3) 

C18A C17A C16A 120.4(3)   C13B C12B C15B 109.4(3) 

C17A C18A N3A 117.0(3)   C14B C12B C6B 111.0(3) 

C17A C18A C19A 120.7(3)   C14B C12B C13B 109.1(3) 

C19A C18A N3A 122.2(3)   C14B C12B C15B 107.3(3) 

C18A C19A N4A 122.2(3)   N1B C16B C17B 124.7(3) 

C20A C19A N4A 118.0(3)   N1B C16B C21B 117.2(3) 

C20A C19A C18A 119.6(3)   C21B C16B C17B 118.1(3) 

C19A C20A C21A 120.6(3)   C18B C17B C16B 120.1(3) 

C16A C21A N2A 118.4(3)   C17B C18B N3B 116.1(3) 

C20A C21A N2A 121.5(3)   C17B C18B C19B 121.4(3) 

C20A C21A C16A 120.1(3)   C19B C18B N3B 122.2(3) 

C23A C22A N2A 111.5(2)   C18B C19B N4B 121.7(3) 

C24A C23A C22A 118.2(3)   C20B C19B N4B 118.9(3) 

C28A C23A C22A 121.4(3)   C20B C19B C18B 119.2(3) 

C28A C23A C24A 120.3(3)   C19B C20B C21B 120.4(3) 

O3A C24A C23A 118.4(3)   C16B C21B N2B 117.2(3) 

O3A C24A C25A 122.0(3)   C20B C21B N2B 122.0(3) 

C23A C24A C25A 119.6(3)   C20B C21B C16B 120.7(3) 

C24A C25A C29A 120.4(3)   C23B C22B N2B 110.7(3) 

C26A C25A C24A 117.4(3)   C24B C23B C22B 118.5(3) 

C26A C25A C29A 122.2(3)   C28B C23B C22B 120.2(3) 

C27A C26A C25A 124.2(3)   C28B C23B C24B 121.2(3) 

C26A C27A C33A 122.1(3)   O3B C24B C23B 118.7(3) 

C28A C27A C26A 116.6(3)   O3B C24B C25B 122.0(3) 

C28A C27A C33A 121.3(3)   C23B C24B C25B 119.3(3) 

C27A C28A C23A 121.8(3)   C24B C25B C29B 121.3(3) 

C30A C29A C25A 109.9(3)   C26B C25B C24B 116.8(3) 

C30A C29A C32A 107.2(3)   C26B C25B C29B 121.9(3) 

C31A C29A C25A 109.7(3)   C25B C26B C27B 124.7(3) 

C31A C29A C30A 109.9(3)   C26B C27B C33B 119.6(3) 

C31A C29A C32A 108.6(4)   C28B C27B C26B 116.9(3) 
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C32A C29A C25A 111.5(3)   C28B C27B C33B 123.5(3) 

C27A C33A C36A 107.8(4)   C27B C28B C23B 121.1(3) 

C27A C33A C35C 103.9(5)   C30B C29B C25B 110.0(3) 

C34A C33A C27A 115.2(9)   C30B C29B C32B 108.1(3) 

C34A C33A C35A 115.6(8)   C31B C29B C25B 109.6(3) 

C34A C33A C36A 104.1(10)   C31B C29B C30B 110.1(3) 

C34A C33A C35C 78.8(9)   C31B C29B C32B 107.2(3) 

C35A C33A C27A 110.1(4)   C32B C29B C25B 111.7(3) 

C35A C33A C36A 102.8(6)   C34B C33B C27B 109.5(3) 

C35A C33A C35C 47.1(6)   C34B C33B C35B 108.5(3) 

C36A C33A C35C 142.9(7)   C35B C33B C27B 108.8(3) 

C34C C33A C27A 108.4(9)   C36B C33B C27B 111.8(3) 

C34C C33A C34A 22.5(13)   C36B C33B C34B 108.1(3) 

C34C C33A C35A 134.8(9)   C36B C33B C35B 109.9(3) 

C34C C33A C36A 86.7(11)   C38B C37B N2B 110.4(3) 

C34C C33A C35C 101.2(10)   C39B C38B C37B 118.7(3) 

C36C C33A C27A 118.1(6)   C43B C38B C37B 119.8(3) 

C36C C33A C34A 123.0(11)   C43B C38B C39B 121.4(3) 

C36C C33A C35A 62.1(10)   O2B C39B C38B 118.4(3) 

C36C C33A C36A 40.8(9)   O2B C39B C40B 122.1(3) 

C36C C33A C34C 116.7(14)   C38B C39B C40B 119.5(3) 

C36C C33A C35C 106.2(10)   C39B C40B C41B 116.0(4) 

C38A C37A N2A 112.9(3)   C39B C40B C44B 121.6(3) 

C39A C38A C37A 118.4(3)   C41B C40B C44B 122.4(3) 

C43A C38A C37A 120.9(3)   C42B C41B C40B 124.7(4) 

C43A C38A C39A 120.5(3)   C41B C42B C48B 121.1(4) 

O2A C39A C38A 118.9(3)   C43B C42B C41B 116.4(4) 

O2A C39A C40A 121.3(3)   C43B C42B C48B 122.4(4) 

C38A C39A C40A 119.8(3)   C42B C43B C38B 121.1(4) 

C39A C40A C44A 122.0(3)   C40B C44B C47B 111.8(4) 

C41A C40A C39A 116.9(4)   C45B C44B C40B 110.8(3) 

C41A C40A C44A 121.0(3)   C45B C44B C47B 107.9(3) 

C40A C41A C42A 124.3(4)   C46B C44B C40B 109.5(3) 

C41A C42A C48A 119.9(4)   C46B C44B C45B 109.0(4) 

C43A C42A C41A 117.3(4)   C46B C44B C47B 107.8(4) 

C43A C42A C48A 122.6(4)   C49B C48B C42B 108.0(4) 

C38A C43A C42A 121.1(4)   C50B C48B C42B 111.7(4) 

C40A C44A C45A 108.9(3)   C50B C48B C49B 107.2(5) 

C40A C44A C47A 112.1(3)   C50B C48B C51B 107.9(5) 

C45A C44A C47A 107.4(3)   C51B C48B C42B 110.3(4) 

C46A C44A C40A 110.2(3)   C51B C48B C49B 111.7(4) 

C46A C44A C45A 110.0(3)           

 

Table B.5. Bond angles (°) for [Fe
III

L
trisPhO-NO2I

] (1). 
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Crystal structure data of complex [Fe
III

L
bisPhO-NO2

] (2) in Chapter 4 

 

Figure B.3. ORTEP diagram of complex [Fe
III

L
bisPhO-NO2

] (2). 

 

Identification code  la103run2_0m  

Empirical formula  C144H176Cl4Fe4N16O24  

Formula weight  2880.21  

Temperature/K  100.1  

Crystal system  triclinic  

Space group  P-1  

a/Å  18.5576(10)  

b/Å  20.0263(11)  

c/Å  21.5406(10)  

α/°  74.430(2)  

β/°  75.669(2)  

γ/°  72.390(2)  

Volume/Å
3
  7228.6(6)  

Z  2  

ρcalcmg/mm
3
  1.323  

m/mm
-1

  0.540  

F(000)  3032.0  

Crystal size/mm
3
  0.908 × 0.691 × 0.422  
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Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection  2.64 to 67.72°  

Index ranges  -28 ≤ h ≤ 29, -31 ≤ k ≤ 30, -33 ≤ l ≤ 33  

Reflections collected  167698  

Independent reflections  56127 [Rint = 0.0392, Rsigma = 0.0602]  

Data/restraints/parameters  56127/0/1777  

Goodness-of-fit on F
2
  1.091  

Final R indexes [I>=2σ (I)]  R1 = 0.0563, wR2 = 0.1430  

Final R indexes [all data]  R1 = 0.0954, wR2 = 0.1568  

Largest diff. peak/hole / e Å
-3

  1.93/-1.38  

 

Table B.6.  Crystal data and structure refinement for [Fe
III

L
bisPhO-NO2

] (2). 

 

 

Atom Atom Length/Å   Atom Atom Length/Å 

Fe1 O9 1.8866(11)   C81 C90 1.423(2) 

Fe1 O10 1.8846(12)   C86 C90 1.414(2) 

Fe1 N16 2.1062(13)   C87 C91 1.430(2) 

Fe1 N21 2.0926(14)   C88 C136 1.539(2) 

Fe1 Cl1 2.2310(5)   C88 C138 1.535(3) 

Fe3 Cl7 2.2110(5)   C88 C142 1.530(3) 

Fe3 O14 1.8786(12)   C89 C96 1.400(2) 

Fe3 O22 1.8817(13)   C89 C13 1.536(2) 

Fe3 N25 2.0932(15)   C90 C101 1.414(2) 

Fe3 N26 2.0870(14)   C91 C107 1.534(2) 

Fe4 Cl8 2.2118(5)   C92 C119 1.393(3) 

Fe4 O3 1.8776(13)   C92 C140 1.380(3) 

Fe4 N1 2.0903(15)   N93 O102 1.216(3) 

Fe4 O1 1.8819(14)   N93 O137 1.229(2) 

Fe4 N4 2.0769(16)   N93 C140 1.466(3) 

Cl6 Fe2 2.2294(5)   C95 C103 1.379(3) 

O9 C87 1.3126(19)   C95 C112 1.530(2) 

O10 C75 1.3144(19)   C98 C109 1.424(2) 

O11 C100 1.3070(19)   C98 C132 1.414(3) 

O11 Fe2 1.8845(11)   C99 C130 1.421(2) 

O12 C81 1.3154(19)   C103 C110 1.419(3) 

O12 Fe2 1.8872(12)   C106 C107 1.541(3) 

O13 N28 1.2227(19)   C107 C131 1.542(3) 

O14 C54 1.310(2)   C107 C146 1.529(3) 

N16 C47 1.408(2)   C109 C120 1.421(2) 
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N16 C48 1.3131(19)   C110 C111 1.371(2) 

N17 C34 1.407(2)   C110 C121 1.531(3) 

N17 C101 1.315(2)   C112 C113 1.541(3) 

N17 Fe2 2.0916(13)   C112 C135 1.534(3) 

O19 N30 1.2236(19)   C114 C118 1.528(3) 

O20 N35 1.2200(19)   C114 C127 1.537(2) 

N21 C43 1.408(2)   C114 C133 1.532(2) 

N21 C61 1.313(2)   C115 C132 1.375(2) 

O22 C109 1.314(2)   C115 C134 1.410(3) 

O23 N35 1.2273(19)   C115 C151 1.526(3) 

O24 N28 1.2216(19)   C119 C148 1.412(3) 

N25 C66 1.310(2)   C119 N1 1.407(2) 

N25 C78 1.401(2)   C120 C128 1.526(3) 

N26 C39 1.305(2)   C120 C134 1.375(3) 

N26 C45 1.411(2)   C121 C175 1.520(3) 

O27 N72 1.211(2)   C121 C180 1.534(3) 

N28 C58 1.461(2)   C121 C187 1.540(3) 

O29 N72 1.220(2)   C124 C139 1.537(3) 

N30 C32 1.464(2)   C124 C145 1.534(3) 

N30 O49 1.2233(19)   C124 C157 1.532(3) 

C32 C33 1.374(2)   O125 N150 1.208(2) 

C32 C51 1.396(2)   C128 C162 1.534(3) 

C33 C43 1.399(2)   C128 C184 1.540(3) 

C34 C56 1.400(2)   C128 C20 1.532(4) 

C34 C71 1.412(2)   C129 C141 1.414(3) 

N35 C51 1.464(2)   C130 C141 1.367(3) 

O36 N44 1.225(2)   C140 C149 1.392(3) 

O37 N40 1.230(2)   C141 C171 1.527(3) 

C39 C74 1.426(2)   C143 C151 1.523(3) 

N40 O46 1.231(2)   C144 C148 1.394(3) 

N40 C67 1.467(2)   C144 C149 1.360(3) 

C41 C45 1.399(2)   C148 N4 1.406(3) 

C41 C105 1.376(2)   C149 N150 1.474(3) 

C42 C62 1.368(2)   N150 O167 1.213(2) 

C42 C69 1.417(2)   C151 C168 1.534(3) 

C43 C47 1.407(2)   C151 C172 1.530(3) 

N44 O63 1.213(2)   C154 C163 1.409(3) 

N44 C82 1.463(2)   C154 C169 1.439(3) 

C45 C78 1.408(2)   C154 O1 1.304(2) 

C47 C64 1.402(2)   C159 C188 1.528(3) 

C48 C69 1.420(2)   C163 C164 1.424(3) 

C50 C112 1.537(2)   C163 C11 1.414(3) 

C51 C64 1.374(2)   C164 C179 1.369(3) 

C52 C86 1.372(2)   C169 C185 1.374(3) 

C52 C96 1.401(3)   C169 C25 1.515(4) 
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C52 C12 1.537(2)   C171 C174 1.510(3) 

C53 C60 1.369(2)   C171 C191 1.480(4) 

C53 C65 1.420(2)   C171 C196 1.554(5) 

C54 C74 1.428(2)   C179 C185 1.402(4) 

C54 C95 1.427(2)   C179 C188 1.540(3) 

C55 C62 1.418(2)   C186 C25 1.528(4) 

C55 C91 1.378(2)   C188 C189 1.521(4) 

C56 C58 1.374(2)   C188 C190 1.547(4) 

C58 C82 1.394(2)   N2 C4 1.3127(19) 

C59 C71 1.398(2)   N2 Fe2 2.1155(14) 

C59 C82 1.375(2)   O3 C2 1.308(2) 

C60 C94 1.414(2)   N1 C1 1.307(2) 

C60 C114 1.532(2)   N4 C11 1.315(3) 

C61 C99 1.408(2)   C1 C3 1.431(2) 

C62 C80 1.535(2)   C3 C2 1.420(2) 

C65 C100 1.424(2)   C3 C6 1.423(2) 

C65 C4 1.419(2)   C2 C8 1.429(2) 

C66 C98 1.421(2)   C6 C7 1.375(3) 

C67 C85 1.380(2)   C7 C5 1.532(3) 

C67 C105 1.392(2)   C7 C14 1.413(3) 

C68 C94 1.378(2)   C8 C9 1.529(3) 

C68 C100 1.422(2)   C8 C14 1.375(3) 

C68 C124 1.535(2)   C9 C10 1.541(3) 

C69 C87 1.420(2)   C9 C19 1.525(3) 

C71 N2 1.406(2)   C9 C23 1.532(3) 

N72 C105 1.474(2)   C5 C21 1.539(3) 

C74 C111 1.415(2)   C5 C26 1.523(3) 

C75 C79 1.429(2)   C5 C1D 1.541(3) 

C75 C99 1.421(2)   C25 C27 1.544(3) 

C78 C85 1.396(2)   C25 C15 1.534(3) 

C79 C88 1.535(3)   C12 C1A 1.520(3) 

C79 C129 1.383(2)   C12 C1B 1.527(3) 

C80 C83 1.528(2)   C12 C1C 1.524(3) 

C80 C104 1.538(2)   C13 C16 1.539(3) 

C80 C117 1.532(2)   C13 C17 1.532(3) 

C81 C89 1.422(2)   C13 C18 1.534(3) 

 

Table B.7. Bond lengths (Å) for [Fe
III

L
bisPhO-NO2

] (2). 
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Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O9 Fe1 N16 85.67(5)   C132 C98 C109 120.01(15) 

O9 Fe1 N21 140.64(5)   C61 C99 C75 123.48(15) 

O9 Fe1 Cl1 107.48(4)   C61 C99 C130 115.83(16) 

O10 Fe1 O9 93.47(5)   C130 C99 C75 120.53(15) 

O10 Fe1 N16 151.75(5)   O11 C100 C65 121.31(14) 

O10 Fe1 N21 86.99(5)   O11 C100 C68 120.15(15) 

O10 Fe1 Cl1 107.46(4)   C68 C100 C65 118.49(14) 

N16 Fe1 Cl1 99.66(4)   N17 C101 C90 126.73(15) 

N21 Fe1 N16 76.33(5)   C95 C103 C110 125.17(16) 

N21 Fe1 Cl1 109.86(4)   C41 C105 C67 120.47(15) 

O14 Fe3 Cl7 107.61(4)   C41 C105 N72 116.26(16) 

O14 Fe3 O22 91.23(6)   C67 C105 N72 122.67(15) 

O14 Fe3 N25 149.69(6)   C91 C107 C106 111.17(14) 

O14 Fe3 N26 86.63(5)   C91 C107 C131 109.10(15) 

O22 Fe3 Cl7 112.36(5)   C106 C107 C131 110.02(15) 

O22 Fe3 N25 85.60(6)   C146 C107 C91 111.83(15) 

O22 Fe3 N26 140.83(6)   C146 C107 C106 107.30(16) 

N25 Fe3 Cl7 101.42(4)   C146 C107 C131 107.34(16) 

N26 Fe3 Cl7 105.50(4)   O22 C109 C98 120.83(15) 

N26 Fe3 N25 77.28(5)   O22 C109 C120 119.88(16) 

O3 Fe4 Cl8 110.71(4)   C120 C109 C98 119.27(17) 

O3 Fe4 N1 86.06(6)   C103 C110 C121 119.27(16) 

O3 Fe4 O1 90.75(6)   C111 C110 C103 117.14(17) 

O3 Fe4 N4 142.49(6)   C111 C110 C121 123.59(17) 

N1 Fe4 Cl8 101.16(4)   C110 C111 C74 121.33(17) 

O1 Fe4 Cl8 109.46(5)   C50 C112 C113 109.55(16) 

O1 Fe4 N1 148.26(6)   C95 C112 C50 109.84(14) 

O1 Fe4 N4 86.10(7)   C95 C112 C113 111.65(15) 

N4 Fe4 Cl8 105.53(5)   C95 C112 C135 111.40(16) 

N4 Fe4 N1 77.67(6)   C135 C112 C50 106.85(15) 

C87 O9 Fe1 133.25(11)   C135 C112 C113 107.41(15) 

C75 O10 Fe1 136.62(11)   C60 C114 C127 108.60(14) 

C100 O11 Fe2 135.85(11)   C118 C114 C60 111.75(14) 

C81 O12 Fe2 136.10(11)   C118 C114 C127 108.64(15) 

C54 O14 Fe3 132.55(10)   C118 C114 C133 108.46(15) 

C47 N16 Fe1 115.26(10)   C133 C114 C60 110.30(14) 

C48 N16 Fe1 123.99(11)   C133 C114 C127 109.03(14) 

C48 N16 C47 120.70(14)   C132 C115 C134 117.05(17) 

C34 N17 Fe2 115.90(10)   C132 C115 C151 124.05(17) 

C101 N17 C34 119.37(14)   C134 C115 C151 118.90(16) 

C101 N17 Fe2 124.73(11)   C92 C119 C148 120.11(16) 

C43 N21 Fe1 115.77(10)   C92 C119 N1 124.98(17) 

C61 N21 Fe1 124.37(11)   N1 C119 C148 114.64(16) 

C61 N21 C43 119.86(14)   C109 C120 C128 120.52(18) 
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C109 O22 Fe3 129.60(11)   C134 C120 C109 117.37(17) 

C66 N25 Fe3 122.04(11)   C134 C120 C128 122.09(17) 

C66 N25 C78 122.44(15)   C110 C121 C180 110.87(17) 

C78 N25 Fe3 113.63(11)   C110 C121 C187 108.53(18) 

C39 N26 Fe3 124.85(11)   C175 C121 C110 111.96(17) 

C39 N26 C45 121.42(14)   C175 C121 C180 107.5(2) 

C45 N26 Fe3 113.04(10)   C175 C121 C187 109.5(2) 

O13 N28 C58 117.68(14)   C180 C121 C187 108.40(18) 

O24 N28 O13 124.81(15)   C68 C124 C139 110.61(15) 

O24 N28 C58 117.42(14)   C145 C124 C68 109.43(15) 

O19 N30 C32 117.84(14)   C145 C124 C139 110.00(15) 

O49 N30 O19 124.59(15)   C157 C124 C68 111.14(14) 

O49 N30 C32 117.48(14)   C157 C124 C139 109.00(16) 

C33 C32 N30 117.47(14)   C157 C124 C145 106.57(16) 

C33 C32 C51 120.55(15)   C120 C128 C162 110.32(19) 

C51 C32 N30 121.74(15)   C120 C128 C184 111.44(18) 

C32 C33 C43 119.66(15)   C120 C128 C20 109.47(17) 

N17 C34 C71 115.32(13)   C162 C128 C184 107.07(19) 

C56 C34 N17 124.82(14)   C20 C128 C162 110.6(2) 

C56 C34 C71 119.81(14)   C20 C128 C184 107.9(2) 

O20 N35 O23 125.18(16)   C79 C129 C141 125.51(17) 

O20 N35 C51 117.51(14)   C141 C130 C99 121.19(17) 

O23 N35 C51 117.29(14)   C115 C132 C98 121.23(17) 

N26 C39 C74 126.05(15)   C120 C134 C115 125.03(17) 

O37 N40 O46 124.93(16)   C92 C140 N93 117.51(19) 

O37 N40 C67 117.49(15)   C92 C140 C149 120.66(19) 

O46 N40 C67 117.52(16)   C149 C140 N93 121.40(17) 

C105 C41 C45 119.74(16)   C129 C141 C171 120.59(17) 

C62 C42 C69 121.04(15)   C130 C141 C129 116.89(16) 

C33 C43 N21 125.14(14)   C130 C141 C171 122.51(18) 

C33 C43 C47 119.62(14)   C149 C144 C148 119.32(19) 

C47 C43 N21 115.21(14)   C144 C148 C119 119.71(18) 

O36 N44 C82 116.99(15)   C144 C148 N4 124.35(18) 

O63 N44 O36 125.27(16)   N4 C148 C119 115.89(16) 

O63 N44 C82 117.70(15)   C140 C149 N150 122.6(2) 

C41 C45 N26 124.53(15)   C144 C149 C140 121.31(18) 

C41 C45 C78 119.65(14)   C144 C149 N150 116.0(2) 

C78 C45 N26 115.46(14)   O125 N150 C149 118.43(18) 

C43 C47 N16 114.65(14)   O125 N150 O167 124.11(19) 

C64 C47 N16 125.50(14)   O167 N150 C149 117.36(18) 

C64 C47 C43 119.84(14)   C115 C151 C168 111.26(16) 

N16 C48 C69 125.72(15)   C115 C151 C172 110.05(18) 

C32 C51 N35 121.28(14)   C143 C151 C115 109.77(16) 

C64 C51 C32 120.69(15)   C143 C151 C168 108.27(19) 

C64 C51 N35 117.89(14)   C143 C151 C172 108.75(17) 
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C86 C52 C96 116.90(15)   C172 C151 C168 108.67(19) 

C86 C52 C12 119.81(16)   C163 C154 C169 120.0(2) 

C96 C52 C12 123.29(15)   O1 C154 C163 120.54(19) 

C60 C53 C65 121.14(16)   O1 C154 C169 119.5(2) 

O14 C54 C74 120.57(15)   C154 C163 C164 119.6(2) 

O14 C54 C95 119.73(15)   C154 C163 C11 122.57(19) 

C95 C54 C74 119.70(16)   C11 C163 C164 117.9(2) 

C91 C55 C62 124.97(15)   C179 C164 C163 121.3(2) 

C58 C56 C34 118.79(14)   C154 C169 C25 121.0(2) 

C56 C58 N28 117.26(14)   C185 C169 C154 116.2(2) 

C56 C58 C82 121.36(15)   C185 C169 C25 122.7(2) 

C82 C58 N28 121.24(15)   C141 C171 C196 107.4(2) 

C82 C59 C71 119.06(15)   C174 C171 C141 112.83(17) 

C53 C60 C94 116.85(15)   C174 C171 C196 105.8(2) 

C53 C60 C114 123.59(15)   C191 C171 C141 109.5(2) 

C94 C60 C114 119.41(14)   C191 C171 C174 110.5(3) 

N21 C61 C99 127.11(16)   C191 C171 C196 110.6(3) 

C42 C62 C55 117.20(15)   C164 C179 C185 117.2(2) 

C42 C62 C80 123.00(15)   C164 C179 C188 122.4(2) 

C55 C62 C80 119.57(14)   C185 C179 C188 120.2(2) 

C51 C64 C47 119.37(15)   C169 C185 C179 125.7(2) 

C53 C65 C100 120.58(14)   C159 C188 C179 107.34(19) 

C4 C65 C53 117.05(15)   C159 C188 C190 107.6(2) 

C4 C65 C100 121.97(14)   C179 C188 C190 111.7(2) 

N25 C66 C98 125.64(16)   C189 C188 C159 109.3(2) 

C85 C67 N40 117.33(16)   C189 C188 C179 111.3(2) 

C85 C67 C105 120.45(15)   C189 C188 C190 109.4(2) 

C105 C67 N40 122.02(15)   C71 N2 Fe2 115.20(10) 

C94 C68 C100 117.62(15)   C4 N2 C71 119.71(14) 

C94 C68 C124 122.31(15)   C4 N2 Fe2 125.06(11) 

C100 C68 C124 119.98(14)   C2 O3 Fe4 129.43(11) 

C42 C69 C48 116.38(14)   C119 N1 Fe4 112.44(11) 

C42 C69 C87 120.63(14)   C1 N1 Fe4 124.87(12) 

C87 C69 C48 122.67(14)   C1 N1 C119 122.17(15) 

C59 C71 C34 120.10(14)   C154 O1 Fe4 135.90(15) 

C59 C71 N2 125.30(14)   N2 C4 C65 125.95(15) 

N2 C71 C34 114.59(14)   C148 N4 Fe4 112.33(12) 

O27 N72 O29 124.69(16)   C11 N4 Fe4 124.63(14) 

O27 N72 C105 117.95(15)   C11 N4 C148 122.37(17) 

O29 N72 C105 117.21(16)   N1 C1 C3 124.86(16) 

C39 C74 C54 122.45(16)   C2 C3 C1 122.29(16) 

C111 C74 C39 117.61(15)   C2 C3 C6 119.88(16) 

C111 C74 C54 119.87(15)   C6 C3 C1 117.80(16) 

O10 C75 C79 120.66(15)   O3 C2 C3 120.97(16) 

O10 C75 C99 120.25(14)   O3 C2 C8 119.74(16) 
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C99 C75 C79 119.08(15)   C3 C2 C8 119.28(17) 

N25 C78 C45 115.15(14)   C7 C6 C3 121.30(17) 

C85 C78 N25 125.30(15)   C6 C7 C5 124.48(18) 

C85 C78 C45 119.51(15)   C6 C7 C14 116.78(18) 

C75 C79 C88 121.26(15)   C14 C7 C5 118.73(17) 

C129 C79 C75 116.79(16)   C2 C8 C9 120.58(17) 

C129 C79 C88 121.93(16)   C14 C8 C2 117.06(17) 

C62 C80 C104 107.98(13)   C14 C8 C9 122.35(17) 

C83 C80 C62 111.54(13)   C8 C9 C10 111.74(15) 

C83 C80 C104 109.06(14)   C8 C9 C23 108.96(16) 

C83 C80 C117 108.57(15)   C19 C9 C8 111.54(18) 

C117 C80 C62 110.87(14)   C19 C9 C10 106.79(16) 

C117 C80 C104 108.78(14)   C19 C9 C23 106.55(16) 

O12 C81 C89 121.03(15)   C23 C9 C10 111.15(18) 

O12 C81 C90 120.25(15)   N4 C11 C163 126.9(2) 

C89 C81 C90 118.70(15)   C7 C5 C21 109.97(17) 

C58 C82 N44 120.83(15)   C7 C5 C1D 108.71(17) 

C59 C82 N44 118.38(15)   C21 C5 C1D 108.62(18) 

C59 C82 C58 120.61(15)   C26 C5 C7 111.99(17) 

C67 C85 C78 119.74(16)   C26 C5 C21 108.10(19) 

C52 C86 C90 121.47(16)   C26 C5 C1D 109.39(18) 

O9 C87 C69 121.22(14)   C8 C14 C7 125.42(17) 

O9 C87 C91 119.82(15)   C169 C25 C186 111.4(2) 

C69 C87 C91 118.92(14)   C169 C25 C27 108.3(2) 

C79 C88 C136 109.21(15)   C169 C25 C15 112.1(2) 

C79 C88 C138 110.51(15)   C186 C25 C27 110.6(2) 

C138 C88 C136 110.03(16)   C186 C25 C15 106.6(2) 

C142 C88 C79 111.72(16)   C15 C25 C27 107.7(2) 

C142 C88 C136 107.78(16)   C1A C12 C52 108.61(15) 

C142 C88 C138 107.53(16)   C1A C12 C1B 109.12(17) 

C81 C89 C13 121.66(15)   C1A C12 C1C 110.06(19) 

C96 C89 C81 117.16(15)   C1B C12 C52 111.67(16) 

C96 C89 C13 121.18(15)   C1C C12 C52 109.12(15) 

C86 C90 C81 120.66(15)   C1C C12 C1B 108.26(18) 

C101 C90 C81 123.44(15)   C89 C13 C16 108.59(15) 

C101 C90 C86 115.80(15)   C17 C13 C89 110.91(14) 

C55 C91 C87 117.19(15)   C17 C13 C16 109.99(16) 

C55 C91 C107 122.16(15)   C17 C13 C18 106.93(16) 

C87 C91 C107 120.56(14)   C18 C13 C89 111.86(15) 

C140 C92 C119 118.77(19)   C18 C13 C16 108.53(16) 

O102 N93 O137 124.6(2)   O11 Fe2 Cl6 107.55(4) 

O102 N93 C140 118.32(17)   O11 Fe2 O12 93.60(5) 

O137 N93 C140 117.1(2)   O11 Fe2 N17 140.56(5) 

C68 C94 C60 125.10(15)   O11 Fe2 N2 85.05(5) 

C54 C95 C112 120.75(16)   O12 Fe2 Cl6 107.70(4) 
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C103 C95 C54 116.63(16)   O12 Fe2 N17 86.81(5) 

C103 C95 C112 122.53(15)   O12 Fe2 N2 150.85(5) 

C89 C96 C52 125.09(16)   N17 Fe2 Cl6 109.82(4) 

C66 C98 C109 122.40(16)   N17 Fe2 N2 76.36(5) 

C132 C98 C66 117.55(16)   N2 Fe2 Cl6 100.40(4) 

 

Table B.8. Bond angles (°) for [Fe
III

L
bisPhO-NO2

] (2).  
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Crystal structure data of complex [Fe
III

L
NO2

] (2) in Chapter 6 

 

Figure B.4. ORTEP diagram of complex [Fe
III

L
NO2

] (2). 

 

Identification code la099(1) 

Empirical formula C60H72N8O25S4Fe2 

Formula weight 1545.20 

Temperature/K 100.1 

Crystal system triclinic 

Space group P-1 

a/Å 14.2608(9) 

b/Å 14.9219(9) 

c/Å 18.1654(11) 

α/° 76.882(4) 

β/° 69.115(4) 

γ/° 72.261(4) 
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Volume/Å
3
 3409.3(4) 

Z 2 

ρcalcmg/mm
3
 1.505 

m/mm
-1

 0.634 

F(000) 1608.0 

Crystal size/mm
3
 1.09 × 0.36 × 0.25 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection 2.42 to 57.4° 

Index ranges -19 ≤ h ≤ 19, -20 ≤ k ≤ 20, -24 ≤ l ≤ 24 

Reflections collected 200653 

Independent reflections 17566 [Rint = 0.0798, Rsigma = 0.0467] 

Data/restraints/parameters 17566/0/1125 

Goodness-of-fit on F
2
 1.099 

Final R indexes [I>=2σ (I)] R1 = 0.0669, wR2 = 0.1626 

Final R indexes [all data] R1 = 0.1019, wR2 = 0.1927 

Largest diff. peak/hole / e Å
-3

 2.04/-1.67 

Table B.9.  Crystal data and structure refinement for [Fe
III

L
NO2

] (2). 

 

 

 

Atom Atom Length/Å   Atom Atom Length/Å 

Fe2 O3 1.779(2)   C12 C11 1.400(5) 

Fe2 O4 1.924(2)   O11 C10 1.355(4) 

Fe2 N2 2.111(3)   O11 C20 1.434(5) 

Fe2 N1 2.102(3)   C5 C8 1.400(5) 

Fe2 O5 1.921(3)   C6 C7 1.442(5) 

Fe1 O3 1.782(2)   C6 C1 1.439(5) 

Fe1 N3 2.103(3)   C6 C15 1.393(5) 

Fe1 O2 1.932(2)   N8 C4 1.454(5) 

Fe1 N4 2.110(3)   N7 C17 1.444(5) 

Fe1 O1 1.913(3)   N6 C44 1.459(5) 

S2 O24 1.499(3)   C33 C38 1.394(5) 

S2 C52 1.782(4)   C33 C34 1.398(5) 

S2 C53 1.773(5)   O20 C50 1.405(5) 

S3 O25 1.497(3)   O20 C49 1.411(6) 

S3 C55 1.778(5)   O21 C47 1.414(6) 

S3 C54 1.795(4)   O21 C51 1.404(6) 

S4 O22 1.503(3)   C19 C1A 1.419(5) 

S4 C57 1.779(5)   C11 C10 1.377(5) 

S4 C56 1.779(5)   C10 C9 1.413(5) 

O4 C19 1.291(4)   C20 C21 1.505(5) 
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N2 C13 1.288(5)   C9 C8 1.376(5) 

N2 C12 1.422(4)   C22 C23 1.508(5) 

O12 C21 1.412(5)   C1 C2 1.405(5) 

O12 C24 1.407(6)   C2 C3 1.375(5) 

O10 C9 1.361(4)   C3 C4 1.397(5) 

O10 C22 1.416(5)   C4 C15 1.370(5) 

O13 C23 1.409(5)   C16 C17 1.379(5) 

O13 C25 1.416(5)   C17 C18 1.393(6) 

N1 C5 1.414(4)   C18 C1A 1.365(5) 

N1 C7 1.285(4)   C39 C40 1.436(5) 

O5 C1 1.292(4)   C40 C41 1.419(5) 

O6 N8 1.225(5)   C40 C45 1.398(5) 

O7 N8 1.223(5)   C41 C42 1.419(5) 

O9 N7 1.236(4)   C42 C43 1.366(5) 

O8 N7 1.235(4)   C43 C44 1.403(6) 

N3 C39 1.301(5)   C44 C45 1.375(5) 

N3 C38 1.413(4)   C38 C37 1.400(5) 

O2 C41 1.303(4)   C26 C27 1.434(5) 

O17 N6 1.221(4)   C27 C28 1.408(5) 

O16 N6 1.226(4)   C27 C32 1.430(5) 

N4 C33 1.426(4)   C28 C29 1.378(6) 

N4 C26 1.293(5)   C29 C30 1.398(6) 

O1 C32 1.306(4)   C29 N5 1.454(5) 

O15 N5 1.242(5)   C30 C31 1.369(6) 

O14 N5 1.220(5)   C31 C32 1.415(5) 

O19 C35 1.356(4)   C34 C35 1.386(5) 

O19 C48 1.427(5)   C35 C36 1.422(6) 

O18 C36 1.371(5)   C48 C49 1.512(5) 

O18 C46 1.430(5)   C36 C37 1.371(5) 

C14 C13 1.441(5)   C46 C47 1.495(7) 

C14 C19 1.430(5)   S1 O23 1.454(4) 

C14 C16 1.397(5)   S1 C58 1.782(7) 

C12 C5 1.390(5)   S1 C59 1.841(8) 

 

Table B.10. Bond lengths (Å) for [Fe
III

L
NO2

] (2). 
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Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O3 Fe2 O4 110.13(11)   O4 C19 C14 122.7(3) 

O3 Fe2 N2 104.02(11)   O4 C19 C1A 119.9(3) 

O3 Fe2 N1 99.48(11)   C1A C19 C14 117.3(3) 

O3 Fe2 O5 111.30(12)   C10 C11 C12 119.8(3) 

O4 Fe2 N2 87.02(11)   O11 C10 C11 124.5(3) 

O4 Fe2 N1 149.00(11)   O11 C10 C9 115.7(3) 

N1 Fe2 N2 76.85(11)   C11 C10 C9 119.7(3) 

O5 Fe2 O4 90.42(11)   O11 C20 C21 108.3(3) 

O5 Fe2 N2 143.16(11)   O12 C21 C20 115.6(3) 

O5 Fe2 N1 87.15(11)   O10 C9 C10 114.5(3) 

O3 Fe1 N3 106.60(11)   O10 C9 C8 124.8(3) 

O3 Fe1 O2 110.48(11)   C8 C9 C10 120.7(3) 

O3 Fe1 N4 97.88(11)   O10 C22 C23 106.0(3) 

O3 Fe1 O1 108.33(12)   O13 C23 C22 107.9(3) 

N3 Fe1 N4 77.05(11)   C9 C8 C5 119.1(3) 

O2 Fe1 N3 86.95(11)   N1 C7 C6 124.7(3) 

O2 Fe1 N4 150.50(11)   O5 C1 C6 122.6(3) 

O1 Fe1 N3 143.36(11)   O5 C1 C2 119.3(3) 

O1 Fe1 O2 90.99(11)   C2 C1 C6 118.1(3) 

O1 Fe1 N4 87.54(11)   C3 C2 C1 122.1(4) 

Fe2 O3 Fe1 150.69(17)   C2 C3 C4 118.3(4) 

O24 S2 C52 106.9(2)   C3 C4 N8 118.9(3) 

O24 S2 C53 106.7(2)   C15 C4 N8 119.0(3) 

C53 S2 C52 97.8(2)   C15 C4 C3 122.1(3) 

O25 S3 C55 107.3(2)   C4 C15 C6 120.2(3) 

O25 S3 C54 107.3(2)   C17 C16 C14 120.5(4) 

C55 S3 C54 97.3(3)   C16 C17 N7 118.9(4) 

O22 S4 C57 105.3(2)   C16 C17 C18 121.4(3) 

O22 S4 C56 105.7(2)   C18 C17 N7 119.6(3) 

C57 S4 C56 98.4(3)   C1A C18 C17 118.7(3) 

C19 O4 Fe2 133.6(2)   C18 C1A C19 122.6(4) 

C13 N2 Fe2 126.2(2)   N3 C39 C40 125.2(3) 

C13 N2 C12 121.3(3)   C41 C40 C39 123.6(3) 

C12 N2 Fe2 112.1(2)   C45 C40 C39 116.4(3) 

C24 O12 C21 114.7(3)   C45 C40 C41 120.0(3) 

C9 O10 C22 117.7(3)   O2 C41 C40 122.8(3) 

C23 O13 C25 111.6(3)   O2 C41 C42 119.0(3) 

C5 N1 Fe2 111.7(2)   C42 C41 C40 118.1(3) 

C7 N1 Fe2 127.2(2)   C43 C42 C41 121.4(4) 

C7 N1 C5 121.1(3)   C42 C43 C44 119.3(3) 

C1 O5 Fe2 134.2(2)   C43 C44 N6 119.9(3) 

C39 N3 Fe1 125.9(2)   C45 C44 N6 118.6(3) 

C39 N3 C38 120.4(3)   C45 C44 C43 121.4(4) 

C38 N3 Fe1 113.2(2)   C44 C45 C40 119.8(4) 
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C41 O2 Fe1 133.3(2)   C33 C38 N3 116.5(3) 

C33 N4 Fe1 112.7(2)   C33 C38 C37 119.7(3) 

C26 N4 Fe1 125.0(2)   C37 C38 N3 123.8(3) 

C26 N4 C33 121.9(3)   N4 C26 C27 124.5(3) 

C32 O1 Fe1 129.7(2)   C28 C27 C26 117.0(3) 

C35 O19 C48 117.9(3)   C28 C27 C32 118.9(3) 

C36 O18 C46 115.3(3)   C32 C27 C26 124.1(3) 

C19 C14 C13 123.4(3)   C29 C28 C27 119.8(4) 

C16 C14 C13 117.2(3)   C28 C29 C30 122.0(4) 

C16 C14 C19 119.4(3)   C28 C29 N5 118.4(4) 

N2 C13 C14 125.1(3)   C30 C29 N5 119.6(4) 

C5 C12 N2 115.7(3)   C31 C30 C29 118.9(4) 

C5 C12 C11 119.9(3)   C30 C31 C32 121.6(4) 

C11 C12 N2 124.4(3)   O1 C32 C27 122.5(3) 

C10 O11 C20 117.2(3)   O1 C32 C31 118.9(3) 

C12 C5 N1 115.4(3)   C31 C32 C27 118.6(3) 

C12 C5 C8 120.4(3)   O15 N5 C29 117.6(4) 

C8 C5 N1 124.1(3)   O14 N5 O15 123.7(4) 

C1 C6 C7 123.3(3)   O14 N5 C29 118.7(4) 

C15 C6 C7 117.5(3)   C35 C34 C33 119.2(4) 

C15 C6 C1 119.1(3)   O19 C35 C34 124.7(4) 

O6 N8 O7 123.2(3)   O19 C35 C36 115.2(3) 

O6 N8 C4 118.8(3)   C34 C35 C36 120.1(3) 

O7 N8 C4 118.1(3)   O19 C48 C49 105.3(4) 

O9 N7 C17 118.6(3)   O18 C36 C35 121.5(3) 

O8 N7 O9 122.7(3)   O18 C36 C37 118.3(4) 

O8 N7 C17 118.7(3)   C37 C36 C35 120.0(3) 

O17 N6 O16 123.8(4)   O18 C46 C47 107.7(4) 

O17 N6 C44 118.4(3)   O21 C47 C46 112.6(4) 

O16 N6 C44 117.8(3)   C36 C37 C38 120.2(4) 

C38 C33 N4 114.7(3)   O20 C49 C48 106.8(4) 

C38 C33 C34 120.7(3)   O23 S1 C58 108.7(3) 

C34 C33 N4 124.6(3)   O23 S1 C59 104.3(3) 

C50 O20 C49 111.2(4)   C58 S1 C59 96.8(4) 

C51 O21 C47 113.8(4)           

 

Table B.11. Bond angles (°) for [Fe
III

L
NO2

] (2). 
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Crystal structure data of complex [Mn
III

L
tBu

] (4) in Chapter 7 

 

 

Figure B.5. ORTEP diagram of complex [Mn
III

L
tBu

] (4). 
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Identification code  FileName()  

Empirical formula  C44H66Cl2MnN2O8  

Formula weight  876.82  

Temperature/K  293(2)  

Crystal system  triclinic  

Space group  P-1  

a/Å  10.7364(5)  

b/Å  14.1651(6)  

c/Å  16.3530(7)  

α/°  71.703(2)  

β/°  77.979(3)  

γ/°  80.303(3)  

Volume/Å
3
  2295.22(18)  

Z  2  

ρcalcmg/mm
3
  1.269  

m/mm
-1

  0.455  

F(000)  934.0  

Crystal size/mm
3
  ? × ? × ?  

2Θ range for data collection  3.416 to 52.132°  

Index ranges  ? ≤ h ≤ ?, ? ≤ k ≤ ?, ? ≤ l ≤ ?  

Reflections collected  ?  

Independent reflections  8910[R(int) = ?]  

Data/restraints/parameters  8910/3/534  

Goodness-of-fit on F
2
  1.019  

Final R indexes [I>=2σ (I)]  R1 = 0.0634, wR2 = 0.1803  

Final R indexes [all data]  R1 = 0.0822, wR2 = 0.1959  

Largest diff. peak/hole / e Å
-3

  0.60/-2.01  

 

Table B.12. Crystal data and structure refinement for [Mn
III

L
tBu

] (4). 
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Atom Atom Length/Å   Atom Atom Length/Å 

Mn1 Cl2 2.277(3)   N24 C25 1.292(4) 

Mn1 O3 1.865(2)   C25 C26 1.430(4) 

Mn1 N7 1.993(3)   C26 C27 1.418(4) 

Mn1 N24 1.975(3)   C26 C36 1.409(5) 

Mn1 O28 1.866(2)   C27 O28 1.316(4) 

Mn1 O53 2.236(3)   C27 C29 1.427(4) 

O3 C4 1.323(4)   C29 C30 1.530(5) 

C4 C5 1.415(5)   C29 C34 1.384(5) 

C4 C48 1.414(4)   C30 C31 1.537(5) 

C5 C6 1.431(4)   C30 C32 1.536(5) 

C5 C41 1.410(5)   C30 C33 1.545(5) 

C6 N7 1.296(4)   C34 C35 1.403(5) 

N7 C8 1.416(4)   C35 C36 1.370(5) 

C8 C9 1.394(4)   C35 C37 1.534(5) 

C8 C23 1.392(5)   C37 C38 1.532(6) 

C9 C10 1.372(5)   C37 C39 1.532(6) 

C10 O11 1.363(4)   C37 C40 1.527(6) 

C10 C16 1.416(5)   C41 C42 1.371(5) 

O11 C12 1.436(4)   C42 C43 1.531(5) 

C12 C13 1.506(5)   C42 C47 1.402(5) 

C13 O14 1.403(5)   C43 C44 1.534(5) 

O14 C15 1.394(7)   C43 C45 1.525(5) 

C16 O17 1.357(4)   C43 C46 1.515(6) 

C16 C22 1.375(5)   C47 C48 1.384(5) 

O17 C18 1.437(4)   C48 C49 1.536(5) 

C18 C19 1.491(5)   C49 C50 1.524(5) 

C19 O20 1.421(4)   C49 C51 1.531(5) 

O20 C21 1.413(4)   C49 C52 1.533(5) 

C22 C23 1.398(4)   O53 C54 1.399(5) 

C23 N24 1.419(4)   O56 C57 1.394(5) 

 

Table B.13. Bond lengths (Å) for [Mn
III

L
tBu

] (4). 
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Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O3 Mn1 Cl2 94.38(10)   C25 N24 C23 122.0(3) 

O3 Mn1 N7 91.66(11)   N24 C25 C26 125.5(3) 

O3 Mn1 N24 172.68(10)   C27 C26 C25 123.5(3) 

O3 Mn1 O28 93.89(10)   C36 C26 C25 115.8(3) 

O3 Mn1 O53 90.09(10)   C36 C26 C27 120.5(3) 

N7 Mn1 Cl2 87.69(10)   C26 C27 C29 118.7(3) 

N7 Mn1 O53 91.38(11)   O28 C27 C26 121.7(3) 

N24 Mn1 Cl2 89.66(10)   O28 C27 C29 119.6(3) 

N24 Mn1 N7 82.39(11)   C27 O28 Mn1 130.1(2) 

N24 Mn1 O53 85.81(10)   C27 C29 C30 120.3(3) 

O28 Mn1 Cl2 87.85(10)   C34 C29 C27 117.3(3) 

O28 Mn1 N7 173.13(10)   C34 C29 C30 122.2(3) 

O28 Mn1 N24 92.36(10)   C29 C30 C31 111.3(3) 

O28 Mn1 O53 92.65(10)   C29 C30 C32 109.0(3) 

O53 Mn1 Cl2 175.46(9)   C29 C30 C33 111.5(3) 

C4 O3 Mn1 130.9(2)   C31 C30 C33 106.8(3) 

O3 C4 C5 121.4(3)   C32 C30 C31 108.3(3) 

O3 C4 C48 119.5(3)   C32 C30 C33 109.9(3) 

C48 C4 C5 119.1(3)   C29 C34 C35 124.8(3) 

C4 C5 C6 123.8(3)   C34 C35 C37 120.1(3) 

C41 C5 C4 120.1(3)   C36 C35 C34 117.1(3) 

C41 C5 C6 116.0(3)   C36 C35 C37 122.8(3) 

N7 C6 C5 125.9(3)   C35 C36 C26 121.4(3) 

C6 N7 Mn1 124.4(2)   C38 C37 C35 110.9(3) 

C6 N7 C8 122.4(3)   C39 C37 C35 108.5(3) 

C8 N7 Mn1 113.1(2)   C39 C37 C38 109.0(4) 

C9 C8 N7 124.6(3)   C40 C37 C35 110.2(3) 

C23 C8 N7 115.2(3)   C40 C37 C38 108.9(4) 

C23 C8 C9 120.3(3)   C40 C37 C39 109.3(3) 

C10 C9 C8 119.6(3)   C42 C41 C5 121.3(3) 

C9 C10 C16 120.2(3)   C41 C42 C43 120.2(3) 

O11 C10 C9 124.9(3)   C41 C42 C47 117.2(3) 

O11 C10 C16 114.9(3)   C47 C42 C43 122.6(3) 

C10 O11 C12 117.6(3)   C42 C43 C44 111.4(3) 

O11 C12 C13 107.1(3)   C45 C43 C42 109.0(3) 

O14 C13 C12 109.4(3)   C45 C43 C44 108.2(3) 

C15 O14 C13 114.1(4)   C46 C43 C42 109.4(3) 

O17 C16 C10 115.1(3)   C46 C43 C44 108.0(3) 

O17 C16 C22 124.8(3)   C46 C43 C45 110.8(4) 

C22 C16 C10 120.1(3)   C48 C47 C42 124.3(3) 

C16 O17 C18 117.1(3)   C4 C48 C49 120.6(3) 

O17 C18 C19 107.7(3)   C47 C48 C4 117.6(3) 

O20 C19 C18 109.6(3)   C47 C48 C49 121.8(3) 

C21 O20 C19 112.2(3)   C50 C49 C48 109.7(3) 
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C16 C22 C23 119.5(3)   C50 C49 C51 107.6(3) 

C8 C23 C22 120.2(3)   C50 C49 C52 109.6(3) 

C8 C23 N24 115.8(3)   C51 C49 C48 111.9(3) 

C22 C23 N24 124.0(3)   C51 C49 C52 107.8(3) 

C23 N24 Mn1 113.1(2)   C52 C49 C48 110.2(3) 

C25 N24 Mn1 124.7(2)   C54 O53 Mn1 127.8(2) 

 

Table B.14. Bond angles (°) for [Mn
III

L
tBu

] (4). 
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Crystal structure data of complex [Mn
III

L
bisPho-NO2

] (5) in Chapter 7 

 

Figure B.6. ORTEP diagram of complex [Mn
III

L
bisPho-NO2

] (5). 

Identification code  LA102(3)  

Empirical formula  C44H58O12ClMnN8  

Formula weight  889.27  

Temperature/K  100.1  

Crystal system  monoclinic  

Space group  Cc  

a/Å  12.3951(9)  

b/Å  43.834(3)  

c/Å  9.5402(6)  

α/°  90.00  

β/°  113.281(3)  

γ/°  90.00  

Volume/Å
3
  4761.4(5)  

Z  4  

ρcalcmg/mm
3
  1.241  

m/mm
-1

  0.391  

F(000)  1864.0  

Crystal size/mm
3
  0.902 × 0.891 × 0.81  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection  3.7 to 55.76°  

Index ranges  -16 ≤ h ≤ 16, -57 ≤ k ≤ 57, -12 ≤ l ≤ 12  

Reflections collected  88443  
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Independent reflections  10706 [Rint = 0.0632, Rsigma = 0.0495]  

Data/restraints/parameters  10706/5/613  

Goodness-of-fit on F
2
  1.084  

Final R indexes [I>=2σ (I)]  R1 = 0.0659, wR2 = 0.1685  

Final R indexes [all data]  R1 = 0.0868, wR2 = 0.1848  

Largest diff. peak/hole / e Å
-3

  1.23/-0.47  

Flack parameter 0.10(2) 

 

Table B.15. Crystal data and structure refinement for [Mn
III

L
bisPho-NO2

] (5). 

 

Atom Atom Length/Å   Atom Atom Length/Å 

Cl1 Mn2 2.6172(16)   C17 N18 1.413(6) 

Mn2 O1 1.870(3)   C17 C34 1.397(6) 

Mn2 N1 1.979(3)   N18 C19 1.298(6) 

Mn2 O2 1.871(3)   C19 C20 1.412(6) 

Mn2 O6 2.268(4)   C20 C21 1.433(6) 

Mn2 N18 1.980(4)   C20 C29 1.407(7) 

O1 C15 1.307(5)   C21 C22 1.427(6) 

N1 C1 1.312(6)   C22 C23 1.543(6) 

N1 C16 1.403(5)   C22 C27 1.392(6) 

O2 C21 1.304(5)   C23 C24 1.528(7) 

O3 N38 1.225(6)   C23 C25 1.552(8) 

O4 N40 1.229(6)   C23 C26 1.529(8) 

O5 N40 1.207(5)   C27 C28 1.423(7) 

O6 C41 1.424(6)   C28 C29 1.359(7) 

O7 N47 1.240(6)   C28 C30 1.520(6) 

O8 N49 1.233(6)   C30 C31 1.578(10) 

O9 N49 1.212(7)   C30 C32 1.470(9) 

O10 C53 1.424(6)   C30 C33 1.524(8) 

C1 C2 1.417(6)   C34 C35 1.366(6) 

C2 C3 1.426(6)   C35 C36 1.388(6) 

C2 C15 1.413(6)   C35 N40 1.469(5) 

C3 C4 1.375(6)   C36 C37 1.378(6) 

C4 C5 1.530(6)   C36 N38 1.468(5) 

C4 C9 1.413(6)   N38 O39 1.178(6) 

C5 C6 1.541(8)   N42 C43 1.364(7) 

C5 C7 1.530(8)   C43 C44 1.393(7) 

C5 C8 1.525(7)   C43 C50 1.437(7) 

C9 C10 1.380(7)   C44 C45 1.370(8) 

C10 C11 1.533(7)   C45 C46 1.387(7) 

C10 C15 1.436(6)   C45 N49 1.446(7) 

C11 C12 1.538(7)   C46 N47 1.451(7) 
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C11 C13 1.553(9)   C46 C52 1.382(7) 

C11 C14 1.550(8)   N47 O48 1.216(7) 

C16 C17 1.413(5)   C50 N51 1.351(6) 

C16 C37 1.398(6)   C50 C52 1.390(7) 

 

Table B.16. Bond lengths (Å) for [Mn
III

L
bisPho-NO2

] (5). 

 

 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

O1 Mn2 Cl1 89.66(11)   C29 C20 C19 117.0(4) 

O1 Mn2 N1 92.33(14)   C29 C20 C21 121.4(4) 

O1 Mn2 O2 93.76(10)   O2 C21 C20 123.2(4) 

O1 Mn2 O6 88.39(14)   O2 C21 C22 119.7(4) 

O1 Mn2 N18 174.48(15)   C22 C21 C20 117.1(4) 

N1 Mn2 Cl1 91.73(12)   C21 C22 C23 119.7(4) 

N1 Mn2 O6 87.26(15)   C27 C22 C21 118.3(4) 

N1 Mn2 N18 82.18(11)   C27 C22 C23 122.0(4) 

O2 Mn2 Cl1 91.43(11)   C22 C23 C25 108.7(4) 

O2 Mn2 N1 173.16(15)   C24 C23 C22 112.3(4) 

O2 Mn2 O6 89.78(15)   C24 C23 C25 106.7(5) 

O2 Mn2 N18 91.76(15)   C24 C23 C26 108.6(4) 

O6 Mn2 Cl1 177.76(13)   C26 C23 C22 110.8(4) 

N18 Mn2 Cl1 89.92(13)   C26 C23 C25 109.6(5) 

N18 Mn2 O6 91.91(16)   C22 C27 C28 124.8(4) 

C15 O1 Mn2 130.7(3)   C27 C28 C30 121.1(4) 

C1 N1 Mn2 124.5(3)   C29 C28 C27 116.1(4) 

C1 N1 C16 121.7(4)   C29 C28 C30 122.8(5) 

C16 N1 Mn2 113.8(3)   C28 C29 C20 122.4(4) 

C21 O2 Mn2 130.7(3)   C28 C30 C31 110.2(4) 

C41 O6 Mn2 126.5(3)   C28 C30 C33 109.2(5) 

N1 C1 C2 125.9(4)   C32 C30 C28 109.3(5) 

C1 C2 C3 115.6(4)   C32 C30 C31 109.0(6) 

C15 C2 C1 123.6(4)   C32 C30 C33 115.8(6) 

C15 C2 C3 120.8(4)   C33 C30 C31 103.1(6) 

C4 C3 C2 121.5(4)   C35 C34 C17 119.1(4) 

C3 C4 C5 123.0(4)   C34 C35 C36 121.6(4) 

C3 C4 C9 116.3(4)   C34 C35 N40 116.7(4) 

C9 C4 C5 120.7(4)   C36 C35 N40 121.3(4) 

C4 C5 C6 107.9(4)   C35 C36 N38 122.7(4) 

C7 C5 C4 112.5(4)   C37 C36 C35 120.2(4) 

C7 C5 C6 109.0(6)   C37 C36 N38 116.9(4) 

C8 C5 C4 110.8(4)   C36 C37 C16 119.7(4) 
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C8 C5 C6 109.5(5)   O3 N38 C36 116.9(4) 

C8 C5 C7 107.1(5)   O39 N38 O3 123.2(4) 

C10 C9 C4 125.3(4)   O39 N38 C36 119.1(4) 

C9 C10 C11 122.4(4)   O4 N40 C35 116.7(4) 

C9 C10 C15 117.9(4)   O5 N40 O4 124.2(4) 

C15 C10 C11 119.7(4)   O5 N40 C35 118.8(4) 

C10 C11 C12 111.9(4)   N42 C43 C44 121.4(5) 

C10 C11 C13 111.1(4)   N42 C43 C50 120.7(4) 

C10 C11 C14 110.1(4)   C44 C43 C50 117.8(5) 

C12 C11 C13 108.0(5)   C45 C44 C43 122.9(5) 

C12 C11 C14 106.1(5)   C44 C45 C46 119.7(5) 

C14 C11 C13 109.5(4)   C44 C45 N49 118.7(5) 

O1 C15 C2 122.8(4)   C46 C45 N49 121.4(5) 

O1 C15 C10 119.2(4)   C45 C46 N47 124.3(5) 

C2 C15 C10 118.0(4)   C52 C46 C45 118.9(5) 

N1 C16 C17 115.5(4)   C52 C46 N47 116.3(5) 

C37 C16 N1 125.2(4)   O7 N47 C46 118.5(5) 

C37 C16 C17 119.2(4)   O48 N47 O7 123.9(5) 

C16 C17 N18 114.5(4)   O48 N47 C46 117.2(5) 

C34 C17 C16 120.1(4)   O8 N49 C45 117.6(5) 

C34 C17 N18 125.3(4)   O9 N49 O8 123.4(5) 

C17 N18 Mn2 114.0(3)   O9 N49 C45 119.0(5) 

C19 N18 Mn2 124.6(3)   N51 C50 C43 120.6(4) 

C19 N18 C17 121.4(4)   N51 C50 C52 121.7(4) 

N18 C19 C20 127.6(4)   C52 C50 C43 117.7(4) 

C19 C20 C21 121.6(4)   C46 C52 C50 123.0(5) 

 

Table B.17. Bond angles (°) for [Mn
III

L
bisPho-NO2

] (5). 

 

 

 

 

 

 

 



www.manaraa.com

370 
 

Crystal structure data of complex [Mn
II

L
NO2

] (6) in chapter 7 

 

Figure B.7. ORTEP diagram of complex [Mn
II

L
NO2

] (6). 

Identification code  LA100_COPY  

Empirical formula  C32H42MnN4O13S3  

Formula weight  841.85  

Temperature/K  100.1  

Crystal system  triclinic  

Space group  P-1  

a/Å  11.5544(7)  

b/Å  13.0314(8)  

c/Å  13.7212(8)  

α/°  104.484(3)  

β/°  104.060(4)  

γ/°  104.707(3)  

Volume/Å
3
  1828.3(2)  

Z  2  

ρcalcmg/mm
3
  1.5291  
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m/mm
-1

  0.603  

F(000)  879.9  

Crystal size/mm
3
  0.315 × 0.207 × 0.099  

2Θ range for data collection  3.24 to 50°  

Index ranges  -13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -16 ≤ l ≤ 16  

Reflections collected  79410  

Independent reflections  6154[R(int) = 0.0555]  

Data/restraints/parameters  6154/0/485  

Goodness-of-fit on F
2
  0.808  

Final R indexes [I>=2σ (I)]  R1 = 0.0303, wR2 = N/A  

Final R indexes [all data]  R1 = 0.0397, wR2 = 0.1047  

Largest diff. peak/hole / e Å
-3

  0.40/-0.53  

 

Table B.18. Crystal data and structure refinement for [Mn
II

L
NO2

] (6). 

 

Atom Atom Length/Å   Atom Atom Length/Å 

C1 S1 1.785(2)   C19 O7 1.424(3) 

C2 S1 1.789(2)   C20 C24 1.371(3) 

C3 C4 1.440(3)   C20 O8 1.370(2) 

C3 C28 1.432(3)   C21 C22 1.489(3) 

C3 O2 1.288(2)   C21 O8 1.443(2) 

C4 C5 1.441(3)   C22 O9 1.413(3) 

C4 C25 1.396(3)   C23 O9 1.419(3) 

C5 N1 1.295(2)   C25 C26 1.378(3) 

C6 C7 1.403(3)   C26 C27 1.403(3) 

C6 C24 1.399(3)   C26 N4 1.440(3) 

C6 N1 1.418(3)   C27 C28 1.362(3) 

C7 C15 1.406(3)   C29 S2 1.790(2) 

C7 N2 1.421(3)   C30 S2 1.792(2) 

C8 C9 1.451(3)   N1 Mn1 2.1847(17) 

C8 N2 1.295(3)   N2 Mn1 2.2299(16) 

C9 C10 1.444(3)   N3 O4 1.238(2) 

C9 C14 1.394(3)   N3 O5 1.226(2) 

C10 C11 1.425(3)   N4 O10 1.229(2) 

C10 O3 1.292(2)   N4 O11 1.236(2) 

C11 C12 1.365(3)   O1 S1 1.5281(15) 

C12 C13 1.396(3)   O1 Mn1 2.3123(15) 

C13 C14 1.386(3)   O2 Mn1 2.0781(14) 

C13 N3 1.451(3)   O3 Mn1 2.0691(15) 

C15 C16 1.381(3)   O12 S2 1.5162(14) 
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C16 C20 1.410(3)   O12 Mn1 2.2394(15) 

C16 O6 1.361(2)   C31 S3 1.784(2) 

C17 C18 1.510(3)   C32 S3 1.796(3) 

C17 O6 1.438(2)   O13 S3 1.4976(16) 

C18 O7 1.415(3)         

 

Table B.19. Bond lengths (Å) for [Mn
II

L
NO2

] (6). 

 

 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C28 C3 C4 116.86(18)   C6 N1 C5 120.75(17) 

O2 C3 C4 123.93(18)   Mn1 N1 C5 123.72(13) 

O2 C3 C28 119.20(18)   Mn1 N1 C6 115.04(12) 

C5 C4 C3 125.90(18)   C8 N2 C7 120.97(16) 

C25 C4 C3 119.31(17)   Mn1 N2 C7 113.85(12) 

C25 C4 C5 114.74(18)   Mn1 N2 C8 124.97(14) 

N1 C5 C4 126.75(18)   O4 N3 C13 118.05(18) 

C24 C6 C7 119.43(18)   O5 N3 C13 119.36(18) 

N1 C6 C7 117.97(18)   O5 N3 O4 122.59(18) 

N1 C6 C24 122.57(17)   O10 N4 C26 118.92(17) 

C15 C7 C6 118.81(19)   O11 N4 C26 118.33(18) 

N2 C7 C6 116.95(17)   O11 N4 O10 122.73(18) 

N2 C7 C15 124.24(17)   Mn1 O1 S1 113.75(7) 

N2 C8 C9 126.35(18)   Mn1 O2 C3 130.17(13) 

C10 C9 C8 125.88(18)   Mn1 O3 C10 131.93(13) 

C14 C9 C8 115.33(18)   C17 O6 C16 118.29(15) 

C14 C9 C10 118.76(19)   C19 O7 C18 109.94(16) 

C11 C10 C9 117.22(18)   C21 O8 C20 115.24(15) 

O3 C10 C9 124.03(19)   C23 O9 C22 110.97(17) 

O3 C10 C11 118.74(18)   Mn1 O12 S2 133.87(9) 

C12 C11 C10 122.83(19)   C2 S1 C1 97.70(11) 

C13 C12 C11 118.9(2)   O1 S1 C1 105.27(10) 

C14 C13 C12 120.90(19)   O1 S1 C2 107.16(9) 

N3 C13 C12 119.76(19)   C30 S2 C29 98.12(11) 

N3 C13 C14 119.34(19)   O12 S2 C29 106.27(9) 

C13 C14 C9 121.40(19)   O12 S2 C30 104.64(10) 

C16 C15 C7 121.17(18)   N2 Mn1 N1 75.84(6) 

C20 C16 C15 119.41(17)   O1 Mn1 N1 86.13(6) 

O6 C16 C15 125.88(17)   O1 Mn1 N2 89.64(6) 

O6 C16 C20 114.69(18)   O2 Mn1 N1 87.41(6) 

O6 C17 C18 106.56(16)   O2 Mn1 N2 162.87(6) 

O7 C18 C17 108.73(16)   O2 Mn1 O1 92.85(5) 
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C24 C20 C16 119.70(19)   O3 Mn1 N1 161.73(6) 

O8 C20 C16 116.18(17)   O3 Mn1 N2 86.49(6) 

O8 C20 C24 124.12(18)   O3 Mn1 O1 89.22(5) 

O8 C21 C22 108.40(16)   O3 Mn1 O2 110.48(5) 

O9 C22 C21 110.11(17)   O12 Mn1 N1 89.56(6) 

C20 C24 C6 121.32(18)   O12 Mn1 N2 85.86(6) 

C26 C25 C4 121.25(19)   O12 Mn1 O1 174.41(5) 

C27 C26 C25 120.71(19)   O12 Mn1 O2 90.51(6) 

N4 C26 C25 118.91(19)   O12 Mn1 O3 93.79(6) 

N4 C26 C27 120.37(18)   C32 S3 C31 96.37(12) 

C28 C27 C26 119.25(19)   O13 S3 C31 105.59(11) 

C27 C28 C3 122.54(19)   O13 S3 C32 107.32(10) 

 

Table B.20. Bond angles (°) for [Mn
II

L
NO2

] (6). 
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ABSTRACT 

REDOX-ACTIVE TRIVALENT METALLOSURFACTANTS WITH LOW GLOBAL 

SYMMETRY FOR MOLECULE-BASED ELECTRONICS:            

SPECTROSCOPIC, ELECTROCHEMICAL, AND AMPHIPHILIC PROPERTIES 

OF NEW MOLECULAR MATERIALS FOR CURRENT-VOLTAGE 

MEASUREMENTS IN M|LB-MONOLAYER|M DEVICES 

by 

LANKA D. W. WICKRAMASINGHE ARACHCHILAGE 

August 2014 

Advisor:  Professor Cláudio N. Verani 

Major:     Chemistry (Inorganic) 

Degree:    Doctor of Philosophy 

 The silicon-based microelectronic industry has made remarkable technological 

advancements. Among these, new generation consumer electronics, telecommunication 

devices, and high performance data processing smart devices are of special interest. At 

present, electronic components existing on a single silicon chip grow rapidly, and soon the 

miniaturization process of electrical components will face limitations due to heat dissipation. 

Therefore, as an advanced alternative for silicon-based electronic components, the 

investigation of nanoscale molecular electronic devices is of great importance. This 

dissertation research is focused on the development of redox-active asymmetric 

metallosurfactants as potential candidates for molecule-based electronics. Asymmetric 

donor-acceptor type [D-A] molecules are promising candidates to study the current 

rectification behavior. In order to address this phenomenon, a series of ligands with 

phenolate moieties and, their gallium(III), iron(III), and manganese(III) complexes with 

[N2O3] and [N2O2] coordination environments were synthesized and structurally 
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characterized using multiple methods. Ligands were designed with different               

electron-donating and electron-withdrawing substituents, to modulate structural, chemical, 

and physical properties, such as geometry, spectroscopic, redox, film formation, and 

electrical properties. 

 As an initial attempt, low symmetry gallium(III) and iron(III) complexes with [N2O3] 

binding moieties were developed. Different alkyl substituents are introduced to the 

phenylenediamine moiety of the main ligand structure to allow for film formation of the 

metal complexes. The electrochemical properties of gallium(III) complexes show ligand-

based redox processes, while the iron(III) complexes show metal- and ligand-centered redox 

processes. The EPR data of iron(III) complexes indicate the formation of high spin species 

under [N2O3] coordination environment. Metal complexes with methoxy and methoxyethoxy 

substituents on the phenylenediamine moiety, show formation of homogeneous conformal 

thin films at the air/water and air/solid interfaces. However, a possible amine/imine 

conversion is observed for gallium(III) and iron(III) complexes at the air/water interface. 

This interconversion is evident in the spectroscopic data of gallium(III) and iron(III) thin 

films. This study exhibits promising results in merging surfactant and redox properties into a 

single molecule. The iron(III) complexes indicate, that phenolate moieties act as donors when 

coordinated trivalent metal ions and the iron(III) center acts as an electron-acceptor moiety. 

These data suggest further investigations for iron(III) complexes to study their electrical 

properties followed by device fabrication. 

 When designing a current rectifier, energy of frontier molecular orbitals should be 

comparable to energy of the metal Fermi levels. Then, the potential candidate can show an 

efficient electron transfer between the molecule and metal electrodes. In addition, if the 
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molecule shows lower HOMO-LUMO energy gap, a unimolecular current rectification 

mechanism is applicable. Such situations facilitate efficient internal electron transfer 

pathways. The best possible way to modulate the HOMO-LUMO energy difference is the 

introduction of electron-withdrawing substituents into the molecular design. If these 

substituents are redox-active, then the overall redox properties of the molecule can be 

enhanced. In order to achieve this goal, two nitro substituted iron(III) complexes with [N2O3] 

and [N2O2] coordination environments were investigated. Both complexes showed 

pentacoordinate geometry around the metal ion. These two iron(III) complexes showed 

excellent redox properties with lower potential differences between the first oxidation and 

reduction peaks, when compared to alkyl substituted iron(III) complexes. However, the 

iron(III) complex with [N2O3] donor set was found to be a better redox candidate when 

compared to the other. The density functional theory (DFT) calculations suggest, that the first 

cathodic process to be iron(III)/(II) redox couple, and the other cathodic and anodic redox 

processes to be nitro reductions and phenolate oxidations, respectively. Both complexes form 

mono and multilayers at the air/solid interface. Spectroscopic and surface analyses of these 

two complexes show formation of well-ordered conformal LB films with intact molecular 

structures. Therefore, this investigation suggests that nitro substituted iron(III) complexes are 

successful in obtaining more redox accessible states with low HOMO-LUMO energies when 

compared to iron(III) complexes with electron-donating substituents. The modulation of 

HOMO and LUMO energies is important when designing molecular rectifiers. 

Device fabrication studies were performed to investigate the feasibility of applying 

iron(III) complexes with [N2O3] environments in molecule-based electronics. An iron(III) 

complex [Fe
III

L
4
] with methoxyethoxy substituents was investigated, and this complex 
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showed the iron(III)/(II) reduction process at -1.49 V vs. Fc
+
/Fc. The iron(III) complex 

formed well-organized uniform thin films at air/water and air/solid interfaces with a collapse 

pressure of ~ 60 mN/m. The device with gold|LB-monolayer|gold configuration shows 

asymmetrical current responses with rectification ratios varying from 4.52 to 12 between -2 

and +2 V and from 2.95 to 36.7 between -4 and +4 V, respectively. Therefore, this study 

showed that triphenolate coordinated iron(III) complexes are able to act as potential current 

rectifiers.  

  Further studies are performed to identify the possibility of using iron(III) complexes 

with [N2O2] donor sets for current rectification. This study also examined a probable current 

rectifying mechanism for iron(III) systems. In order to address this, two iron(III) complexes 

with salophen-type ligands were synthesized and structurally characterized. These iron(III) 

complexes have substituted phenolate moieties (tert-butyl and nitro) to facilitate different 

physical and chemical properties. The nitro substituted iron(III) complex forms a μ-oxo 

bridged species due to electronic and steric effects. The tert-butyl substituted iron(III) 

complex showed current rectifying properties with rectification ratios ranging from 3.99 to 

28.6 between -2 and +2 V and from 2.04 to 31 between -4 and +4 V, respectively. This study 

also showed, that the asymmetrical nature of the iron(III) complex is fundamental for the 

observed current rectification. The tert-butyl substituted iron(III) complex displays metal-

centered, singly occupied molecular orbitals (SOMO), and ligand-centered, highest occupied 

molecular orbitals (HOMO). Additionally, the electrochemical and DFT calculations of this 

system suggest, that the SOMO energy level is closer to the metal Fermi level when 

compared to the HOMO energy level. Therefore, electron transfer through SOMO energy 

level is energetically more favorable than electron transfer through the HOMO energy level. 
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According to this data, an asymmetric current rectification mechanism is plausible for this 

[D-A] type iron(III) complex.  

 Manganese(III) complexes that are immobilized onto solid surfaces are another 

important class of compounds that can be used in electronic applications. Therefore, a series 

of manganese complexes with [N2O3] and [N2O2] donor sets were investigated. These 

complexes show metal-based manganese(III)/(II) and ligand-based oxidation redox processes 

in their cyclic voltammograms. The majority of manganese(III) complexes form well-ordered 

uniform LB films. The LB film analyses, also suggest that the molecular structure remains 

intact during the film formation processes. These manganese(III) complexes display possible 

[D-A] structures, nevertheless gold|LB-monolayer|gold devices of the most promising 

candidate show asymmetric current responses with poor current amplitudes, thus behaved as 

an insulator. The observed current insulating behavior could be due to structural and/or 

electronic parameters of manganese(III) complex and further investigations are necessary to 

identify the foundation. 

 This dissertation research presented new classes of saloph-type and triphenolate 

ligand systems and their gallium(III), iron(III), and manganese(III) complexes, which can 

merge redox and amphiphilic properties together. More importantly, this project facilitated 

the understanding of geometric, electronic, redox, and amphiphilic properties of different 

classes of metal complexes. Finally, this project allowed the study electrical properties of 

iron(III) complexes with [N2O3] and [N2O2] donor sets and reveled directional flow of 

electrical current to denote the rectifying behavior.  
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