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CHAPTER 1 INTRODUCTION 

 One of the main research goals in the Verani group is to translate information learnt from 

discrete coordination complexes into designs for solid surface coatings that foster the 

development of new materials. The main interest during this transition is the ability of molecules 

to form highly ordered assemblies with unique electronic and redox properties due to their 

potential uses as molecular diodes,
1
 molecular displays,

2
 and other high-end applications.

3
 To 

provide context for these applications, this introduction will describe importance of Langmuir-

Blodgett (LB) technique and will detail and evaluate the current progress in the fields of 

molecular current rectification, corrosion mitigation, and heterogeneous water oxidation 

catalysis. Suggestions on what areas require improvement will be provided along with a brief 

review on LB. 

1.1. Importance of Langmuir-Blodgett Films 

 Due to the need for technological development, modern coordination chemistry aims 

toward employing information obtained from complexes in the solution phase to understand 

behaviors observed in the solid phase to develop new materials. A great deal of attention has 

been directed toward metal-containing soft materials such as metallosurfactants,
4
 

metallopolymers,
5
 and metallomesogens.

6
 These materials are considered advantageous due to 

the cooperativity between metal ions and the organic ligands leading to unique redox and 

electronic properties. There are well established techniques for film formation that rely on 

chemisorptive or physisorptive processes. Self-assembly, atomic vapor deposition, and chemical 

vapor deposition are chemisorptive processes because they form covalent bonds between the 

molecule and the substrate.
7
 Isothermal compression and spin coating are physisorptive 

processes, involving adsorption of molecules onto the substrate.
8
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 Although chemisorption is widely used in film formation, isothermal compression offers 

greater control in final film morphology, which is critical in many applications including 

molecular electronics, optical coatings, and energy. Besides providing superior uniform 

coverage, isothermal compression controls the deposition in a layer-by-layer manner, forming 

well-organized and highly ordered films.
9
 The thickness of the film can be modulated at a 

molecular level or by repeated deposition.
1-3

 Moreover, only minute amounts of material are 

needed to cover large surface areas. 

1.2. Molecular Electronic Devices 

With the advance of technology, silicon-based integrated circuits have gained tremendous 

attention in the microelectronics industry.
9,10

 The ultimate goal of microelectronics is the 

development of smaller, less costly electronic devices that function effectively and efficiently. In 

the past, this miniaturization has been achieved primarily using the top-down approach on 

existing silicon-based chips. According to Moore’s law of 1965,
11 

the top-down approach will 

reach its physical limits due to the leakage of current once the coating of the silicon layer reaches 

a thickness of three atoms.
12

 

To overcome the limitations in miniaturization process, an alternative bottom-up 

approach can be introduced, as first mentioned in Richard P. Feynman’s 1959 lecture “There’s 

Plenty of Room at the Bottom.”
13

 In the bottom-up approach, molecules with the desired 

electronic and redox properties are synthesized and combined with other components to build 

electronic devices. Various film formation technologies can then be used to transfer these 

molecules onto solid substrates.
14

 Although the use of molecules in electronic devices is an 

advanced alternative, adequate work was not done to advance this field until 1970s. 
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Initial discussion on molecular-based electronics was introduced in 1974, with the 

theoretical proposal for single molecule rectifiers by Ari Aviram and Mark Ratner.
15

 They 

introduced the concept of designing molecules that can function as electronic devices. Organic 

molecules can be beneficial to obtain different electrical components due their ability to 

coordinate metals and fine-tune their electronic properties. Since molecules alone cannot be used 

in electronic devices, metal|molecule|metal assemblies are one of the most common techniques 

used to assess the electrical properties of synthesized molecules.
16,17

 

Incorporation of redox active metals in the molecular component can enhance the 

electronic and redox properties of the system. However, electronic components built using 

coordinated complexes are currently rather limited.
18

 As such, the next section will briefly 

discuss the use of organic and metal complexes for molecular rectifiers from literature. 

1.2.1. Molecular Rectifiers 

Rectifiers are electrical devices that are able to transform alternating current into direct 

current which flows only in one direction. Thus, rectifiers demonstrate a unidirectional flow of 

current as shown in Figure 1.1a. Rectifiers that are built with semiconductor materials are 

widely used and are known as semiconductor diodes.
17

 Generally, in a p-n junction diode, a 

group IV semiconductor material is doped with a small amount of group V elements to obtain an 

electron-rich n-component while an electron-deficient p-component is obtained by doping with 

small amount of group III elements.
19

 

The organic molecule proposed by Aviram and Ratner contains an electron donor moiety 

(D) with relatively low ionization potential (ID); an electron acceptor moiety (A) with relatively 

high electron affinity (AA); and a σ bridge which keeps parts D and A independent from each 

other (Figure 1.1b). The highest occupied molecular orbitals (HOMO) is an approximation for 
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ID, and lowest occupied molecular orbitals (LUMO) is an approximation for AA.
20

  These HOMO 

and LUMO energies should be comparable to the energetic Fermi levels of the electrodes to 

enable electron transfer between them.
20

 Theoretical studies performed using this [D-σ-A] 

molecule showed an asymmetric current response representing a possible current rectification 

behavior.
15

 However, experimental studies have not been performed using this molecule.  

 

Figure 1.1. (a) Schematic representation of current-voltage curve for a rectifier (b) [D-σ-A] 

molecule proposed by Aviram and Ratner. 

This [D-σ-A] molecule can function as a “pn” junction rectifier, where the electron rich 

“n” region can be correlated to the donor part D, and the electron poor “p” region can be 

correlated to the acceptor part A.  

Metzger proposed three basic mechanisms of rectification: Schottky (S-rectifier), 

Asymmetric (A-rectifier), and Unimolecular (U-rectifier).
21

 The rectification ability of a 

molecule can be identified by obtaining current/voltage measurements in a metal|molecule|metal 

assembly that is built by sandwiching the molecule between two electrodes. Schottky 

rectification is the most common mechanism that occurs due to covalent binding of the molecule 

to the electrode or due to use of electrodes with two different work functions.
21

 

Asymmetric and unimolecular rectification mechanisms depend the HOMO and LUMO 

energies of a given molecule. In the asymmetric mechanism, the HOMO and LUMO energy 

D part A partσ part
(a) (b)
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levels are distributed asymmetrically relative to the Fermi levels of the electrode. The LUMO of 

the acceptor moiety will accept one electron from the M1 electrode and donate one electron to the 

M2 electrode, as shown in Figure 1.2.
20

 Here, the HOMO is much lower in energy making it 

unable to participate in electron transfer, while the LUMO is energetically comparable with the 

electrode Fermi levels and is involved in electron transfer. Molecules with asymmetric structures 

contribute more notably to the asymmetric current rectification because HOMO and LUMO 

energies can place asymmetrically between the electrode Fermi energy.
22

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

  

Figure 1.2. Schematic representation of an asymmetric (A) current rectification mechanism. 

 

In the unimolecular mechanism, the LUMO of the acceptor moiety will accept one 

electron from the electrode M2, and the HOMO of the donor moiety will donate one electron to 

the electrode M1 (Figure 1.3). The small energy gap between HOMO and LUMO will allow the 

electron in LUMO to be transferred to HOMO to facilitate the upcoming electron transfer.
20,23,24
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Figure 1.3. Schematic representation of a unimolecular (U) current rectification mechanism.  

The rectification ratio (RR) compares the magnitude of currents at the positive (V) and 

corresponding negative bias (-V) (eq. 1) and can be used to evaluate the rectification ability of a 

particular system.
20 

 

RR (V) = |I (V)| / |I (-V)|    (1) 

 For a system to be considered a rectifier, its RR value should be ≥2. As such, the greater 

the RR value, the better the rectification behavior of a given molecule. Various organic 

molecules with different bridging groups have been studied extensively by the Metzger and 

Ashwell groups as molecular current rectifiers.
20,21a,b,25

 They introduced a new ground-state 

zwitterionic molecule with a [D
+
-π-A

-
] module (Figure 1.4) that is capable of LB film formation 

due to the presence of long alkyl chains, unlike the [D-σ-A] module proposed by Aviram and 

Ratner.
26

 Both monolayers and multilayers sandwiched between platinum or gold electrodes 

have shown rectification behavior.
 

Similarly, a LB monolayer sandwiched between two 

aluminum electrodes resulted in a higher RR of 26.4 while the device from LB multilayers 

showed a lower RR.
27

 The results suggested that the electron flow preferentially occurs from 

tricyanoquinodimethanide (A
-
) to (n-hexadecyl)quinolinium (D)

+
 moiety.  
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Figure 1.4. Ground-state zwitterionic molecule with a [D
+
-π-A

-
] module. 

Other zwitterionic molecules with different alkyl chains (Figure 1.5a) as well as 

molecules containing iodide as a counter ion (Figure 1.5b) and fullerene containing molecules 

(Figure 1.6a) function as unimolecular current rectifiers.
20

 Similarly, other organic molecule 

with [D-A] assemblies (Figure 1.6b) show rectification behavior.
20,25c,28

 

 

Figure 1.5. Molecules for unimolecular current rectification (a) with zwitterionic module (b) 

with iodide as the counterion. 

(a) (b)
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Figure 1.6. Selected organic [D-A] assemblies that show molecular current rectification. 

Moving towards the use of coordination complexes for molecular current rectification, 

Ashwell and co-workers
29 

have introduced a rectifying device fabricated using ionic coupling. 

They have used an anionic copper phthalocyanine donor along with a cationic bipyridinium 

acceptor (Figure 1.7) and a RR of 100 has been observed. Symmetric I/V curve has confirmed 

that each unit alone is not rectifying. 

 

Figure 1.7. Molecular system used to observe rectification via ionic coupling. 

(a)

(b)
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Yu and coworkers
30 

reported a hexa-coordinated ruthenium(II) complex (Figure 1.8) that 

functions as a unimolecular current rectifier. They observed an asymmetric current response with 

an RR of 3.53. The free ligand demonstrated a symmetric current response for an applied bias 

voltage. Despite an apparent axis of C2 symmetry, the complex has a calculated permanent 

dipole moment of 11.3 D perpendicular to the molecular wire ligand.
30

 The report thereby 

affirms that the asymmetric nature of the complex is related to the observed rectification 

behavior. They also observed that the metallated complex can transfer an electron more 

efficiently than the unmetallated ligand, due to increase in the ligand planarity upon metallation, 

which increases conjugation. 

 

Figure 1.8. Hexa-coordinated ruthenium(II) complex from Yu group. 

 Our group has reported two iron(III) complexes that function as molecular rectifiers.
1
 A 

phenolate-rich asymmetric Fe(III) complex with [N2O3] framework (Figure 1.9a) has 

demonstrated an asymmetric current response with a RR of 4.52 to 12 when the applied bias 

potential is ±2 V, and a RR of 2.95 to 36.7 when the applied potential is ±4 V. We postulate that 

the phenolate moiety and metal center behave as the electron donor and the acceptor, 

respectively, during the rectification.
1a

 Another Fe(III) complex with [N2O2] framework (Figure 

1.9b) has been studied by our group and demonstrated an asymmetric current response with a RR 

of 4 to 9 given a bias potential of ±2 V, and a RR of 2 to 31 given an applied potential of ±4 V.
1a 

Comparison of the frontier molecular energy levels of the rectifying Fe(III) complex with a 
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structurally similar Cu(II) complex have shown that that metallic SOMO energies can function 

as electron acceptors engaging in electron transfer to follow an asymmetric current rectification 

mechanism.
 
This finding demnstrates that molecules with SOMOs that are comparable to 

electrode Fermi levels can be involved in electron transfer to display molecular current 

rectification. 

 

Figure 1.9. (a) Fe(III) complex with [N2O3] coordination environment; (b) Fe(III) complex with 

[N2O2] coordination environment. 

A recently reported cadmium(II)-based metal organic framework demonstrates Schottky 

rectification when fabricated on an Al|Cd-MOF|indium tin oxide (ITO)-based device.
31 

A RR of 

~100 at ±10 V applied bias voltage has been observed for this device. This is the first report of 

using metal organic frameworks in electronic rectifiers. 

Further computational studies have been performed to analyze the use of coordination 

complexes as molecular rectifiers. The DFT calculations performed on a molybdenum-based 

heterometallic complex (Figure 1.10) by McGrady and coworkers
32 

has showed that Mo2Co is a 

good candidate for rectification with a theoretical RR of 4.8 at a bias voltage of ±0.5 V. The 

study revealed that the localized π symmetry on Co center will induce asymmetric coupling to 

the electrode, resulting in a higher rectification ratio. 

(a) (b)
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Figure 1.10. Generalized molybdenum-based heterometallic complex for current rectification. 

Despite limited use in device fabrication to date, coordination complexes show great 

promise in electronics, with high heat tolerance being just one noteworthy advantage over their 

organic analogs. Therefore, considering the developments in molecular current rectification and 

the ramifications of the previous studies in our group, we expect to (a) pursue the use of 

synthetic methods to develop new metallosurfactants, (b) select appropriate candidates for 

current rectification based on redox, electronic, and film formation response, and (c) correlate 

electronic and film formation properties with I/V response to determine the mechanism for 

current rectification. 

1.3. Corrosion Inhibition 

Corrosion is an electrochemical phenomenon that leads to the degradation of metal as a 

consequence of reactions with its environment. With the exception of precious metals such as 

gold, silver, and platinum, metals tend to corrode easily since they are thermodynamically prone 

to form oxidized products described as MxOy oxides. Iron corrosion, for example, is an 

electrochemical process wherein a thin layer of moisture containing salts can act as an electrolyte 

and ultimately lead to iron oxide formation (Figure 1.11). Iron corrosion can be described as two 

half-reactions: an anodic reaction, where iron metal is oxidized into Fe
2+

 (eq. 2), and cathodic 

reaction, where OH
-
 is formed in the presence of oxygen (eq. 3).

33
 

  2Fe
0
            2Fe

2+
 + 4e

-
    (2) 

  O2 + 2H2O + 4e
- 
          4OH

-
   (3) 
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In the next step, Fe
2+

 reacts with OH
-
 to form Fe

II
(OH)2, which will be oxidized under 

aerobic conditions to Fe
III

(OH)3, the simple form of rust. Depending on oxygen supply, this 

simple form of rust can be further oxidized to Fe2O3.H2O or Fe3O4.
34

  

Figure 1.11. Schematic overview of the iron corrosion process. 

Environmental factors such as humidity, temperature, acidity, salinity, and exposure time 

impact the corrosion rate of the metal.
34

 It has been theoretically established that corrosion rate 

can double for each 10 
o
C

 
increase in temperature.

34
 High chloride concentrations and acidity can 

accelerate iron corrosion as well. In acidic media (< pH 4) the corrosion rate increases due to the 

increased solubility of the oxide layer and availability of H
+
 for the reduction as shown in 

equations 4 and 5.
34 

 

4H
+
 + 4e

-
    2H2    (4) 

O2 + 4H
+
 + 4e

-
          2H2O  (5) 

1.3.1. Different Forms of Metal Corrosion 

A metal surface can undergo several different forms of corrosion, each of which is 

classified by a corrosion mechanism. Common types of corrosion include:
35 

a) Uniform Corrosion 

This is the simplest form of corrosion where metal loss occurs in an even rate 

throughout the exposed area. 

Anodic
site

Cathodic
site

O2OH-

Rust
Fe2O3.xH2O

Fe2+

OH-

e-
Iron

Water
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b) Galvanic Corrosion 

This is an electrochemical interaction between two dissimilar metals when in 

contact due to the presence of an electrolyte. Corrosion activity can be predicted based on 

the relative position of the metal in the galvanic series that determines the resistance for 

oxidation of the metal. 

c) Pitting Corrosion 

This occurs due to highly localized metal loss and appears as a deep, minute hole 

on the metal surface. Because pitting corrosion is more difficult to detect, it is considered 

to be more dangerous compared to uniform corrosion. 

d) Crevice Corrosion 

This is a localized corrosion due to differences in oxygen concentration within or 

adjacent to narrow metal-metal or metal-nonmetal gaps. Crevice corrosion shows rapid 

progression in the presence of chloride-containing solutions. 

e) Intergranular Corrosion 

Metals consist of grain structures with clearly defined boundaries. Intergranular 

corrosion occurs in these metallic grain boundaries, with the large granular area acting as 

the cathode while the boundaries act as the anode.  

Apart from those aforementioned, other corrosion forms include stress corrosion cracking 

(due to stress), erosion corrosion (due to mechanical force), and biological corrosion (due to 

micro and macroorganism activity). 
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1.3.2. Coatings for Corrosion Protection 

Protective coatings are currently the most widely used method for corrosion control.
35

 

Coatings vary according to environmental context and serve to control corrosion in a range of 

applications by functioning as a barrier between the surface and the electrolyte.  

An ideal coating system for aqueous corrosion resistance should have three layers, as 

illustrated in Figure 1.12.
36 

The surface pre-treatment layer is a thin layer that chiefly provides a 

cleaner surface for the upper primer layer, but can also act as a passive layer to protect the metal.  

The primer is a multi-layer coating that contains inhibitive and protective pigments. The primer 

layer is impermeable to moisture and provides the bulk of the corrosion protection. Lastly, the 

top-coat layer controls the final color and gloss of the surface. It also acts as a barrier for 

radiation and moisture. 

Figure 1.12. An ideal coating system for aqueous corrosion resistance. 

1.3.3. Metal-Containing Anticorrosive Coatings 

Organic polymers are traditionally used as corrosion prevention coatings due to their 

efficacy as moisture and oxygen barriers.
37

 For this reason studies using metal-containing 

coatings are rather limited. However, metal coatings provide significant benefits in corrosion 

protective coatings by lowering electron density outside the steel plate, and by forming 

anticorrosive protective layers.
38

 More than one of above features may be readily employed in a 

preventative system. 

Substrate

Surface Pre-Treatment

Primer

Top Coat
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Schiff base complexes have received special attention in corrosion inhibition because the 

characteristic imine moiety can be adsorbed to the metal surface to form a protective layer.
39,40

 

Singh and coworkers
39 

have investigated corrosion inhibition using manganese(II), copper(II), 

and zinc(II) complexes with the Schiff base ligand 2-aminobenzoic acid [1-(2-hydroxy-phenyl)-

propylidene]-hydrazide (H2abph) (Figure 1.13). Mn(II) forms a mononuclear complex whereas 

Cu(II) and Zn(II) form one-dimensional coordination polymers in methanolic solution. These 

complexes have exhibited appreciable corrosion inhibition ability for carbon steel (contains 

about 2 % carbon) in 1 M HCl medium in the order of  H2abph < Mn(II) complex < Cu(II) 

complex < Zn(II) complex. 

 

Figure 1.13. Multidentate Schiff base (a) Mn(II) and (b) Cu(II) complexes. 

Cobalt(II), nickel(II), copper(II), and zinc(II) complexes with 2-acetylthiophene 

benzoylhydrazone (Figure 1.14a) have been studied for inhibition of steel corrosion as well.
40

 

Among these complexes, Co(II) has shown the greatest capacity for corrosion protection in 1 M 

HCl medium. A series of Mn(II), Co(II), Ni(II), Cu(II) and Zn(II) complexes with o-

hydroxyacetophenone-2-thiophenoyl hydrazone (Hhath) (Figure 1.14b) have also been 

investigated for steel corrosion inhibition in 1 M HCl.
41

 Compared to the pure ligand, the metal 

complexes demonstrated improved corrosion inhibition.  

(a) (b)
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Figure 1.14. (a) 2-acetylthiophene benzoylhydrazone ligand; (b) Hhath-based metal complex. 

Zinc aminophosphonates are investigated as corrosion inhibitors for carbon steel.
42 

Covalent bonding between O-P-Zn-N(C) atoms of the complex and the steel surface facilitate 

formation of a protective layer. Zinc phosphates are commonly used as corrosion inhibitive 

coatings for steel protection, with best steel corrosion resistance observed at pH 2.75.
43

 Hinton 

and coworkers
44 

suggest further improvement of corrosion inhibition efficiency with the addition 

of rare earth metals (e.g. cerium diphenyl phosphate) to a polymer coating. Similar for steel 

corrosion, Schiff base metal complexes are also known as corrosion inhibitors for copper 

corrosion.
45

 

Developing an ideal coating system for inhibition of iron corrosion certainly poses a 

multitude of challenges, but Schiff base metal complexes have been viably implemented in 

corrosion inhibitive coatings.
39-42

 Therefore, based on prior studies on molecular current 

rectification and metallosurfactants from our group and others, we expect to (a) design and 

synthesize new redox-active and redox innocent salophen-based metallosurfactants to be used as 

protective coatings for iron corrosion, (b) investigate the electron passivation and corrosion 

mitigation ability of the LB films of salophen-based metallosurfactants.  

1.4. Water Oxidation Catalysis 

Keeping up with global energy demands while reducing greenhouse gas emission has 

become the priority of many scientists working to develop alternatives to fossil-based fuel 

(a)
(b)
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sources.
46

 Intense focus has consequently shifted to hydrogen as a clean energy candidate, given 

its innocuous combustion. Water generated from hydrogen combustion can be used in turn as a 

source of hydrogen, a cycle facilitated by natural ubiquity.
47

 

Splitting a water molecule into hydrogen and oxygen consists of two half reactions 

involving water reduction and water oxidation. Despite its apparent simplicity, water oxidation is 

in fact a monumentally unfavorable reaction, entailing a +237 kJ/mol Gibbs free energy 

change.
48

 It is therefore considered the bottleneck for water splitting since it requires 

multielectron and multiproton transfers, as illustrated in equations 6, 7, and 8.
48,49

 

4 H+
 + 4 e

-
                    2 H2                      E = 0 V -0.059 pH vs NHE            (6) 

2 H2O  O2 + 4 H
+
 + 4e

-
        E = 1.23 V -0.059 pH vs NHE          (7) 

2 H2O  2 H2 + O2               ∆E = -1.23 V                                   (8) 

This thermodynamic and kinetic barrier can be overcome with the use of an effective 

catalyst. In the literature, efficient catalysts made of noble metals such as ruthenium,
50

 

iridium,
50b,51

 and rhodium
52

 abound. However, the low Earth-abundance of ruthenium and 

iridium severely limits widespread application of these water splitting technologies. As such, 

attention has been redirected toward the development of water oxidation catalysts using Earth-

abundant metal ions such as manganese, iron, cobalt, nickel, and copper.
50-52

 

The efficiency of a given catalyst can be determined by the turnover frequency (TOF). It 

refers to the number of moles of oxygen produced per mole of catalyst per hour. Turnover 

number (TON) represents the amount of oxygen generated per mole of catalyst. The 

overpotential shows the potential difference between the experimental potential and the standard 

thermodynamic potentials for oxygen generation. Lower the overpotential, better the catalysts is. 
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Finally, Faradaic efficiency (FE %) is a measure of catalyst stability during the catalytic 

process.
50,51

   

1.4.1. Molecular Cobalt Complexes for Homogeneous Water Oxidation 

In order to address the ongoing challenge to develop an efficient water oxidation catalyst 

(WOC) using Earth-abundant metal ions, several groups have studied homogeneous water 

oxidation catalysis with different Earth-abundant metals. Among them pyridine-containing 

cobalt complexes have been studied widely. Ye and coworkers
53 

have synthesized dipyridine 

saloph-based Co(II) complexes soluble in aqueous media (Figure 1.15a). Electrochemical 

catalytic studies performed at pH 8.6 afforded an overpotential of 0.56 V. Bulk electrolysis 

performed for 5 h using an indium tin oxide (ITO) glass as the working electrode at an applied 

potential of 1.30 V demonstrated a Faradaic efficiency of 98.5% and a turnover frequency (TOF) 

of 81.54 mol(O2) mol
-1

 s
-1

.  

Thapper and coworkers
54 

have synthesized a mononuclear [Co(TPA)Cl]Cl complex as a 

homogenous catalyst for photoinduced water oxidation, using TPA (tris(2-pyridylmethyl)amine) 

ligand which contains three pyridine units (Figure 1.15b). The complex has exhibited catalytic 

activity with a TOF of 1.0 mol(O2) mol(Co)
-1

 s
-1

 at pH 8 in borate buffer using 

[Ru(bpy)3](ClO4)2 as the photosensitizer and Na2S2O8 as an electron acceptor.  

 

Figure 1.15. (a) Salophen-based (b) tripyridine-based and (c) tetrapyridine-based Co(II) 

complexes. 

(a) (b) (c)



19 
 

 
 

A tetrapyridine Co(II) complex has also been studied by the Lau group
55 

as a 

homogeneous catalyst for photoinduced water oxidation (Figure 1.15c). The catalytic activity of 

this complex was evaluated in the presence of [Ru(bpy)3]Cl2 as the photosensitizer and Na2S2O8 

as the electron acceptor in pH 8 borate buffer. A maximum TON of 335 was observed for 1.5 h 

irradiation time at 457 nm. Water oxidation performed using chemical methods produced a TON 

of 160 ± 10 after 5 min at pH 8 in the presence of [Ru (bpy)3](ClO4)3 as the oxidant. 

Thapper and coworkers
56

 have also considered polypyridyl Co(II) complexes as 

photoinduced water oxidation catalysts. The catalytic activity of one such pentapyridine Co(II) 

complex (Figure 1.16) has been studied at pH 8 in borate buffer using [Ru(byp)3]
2+

 as the 

photosensitizer and S2O8
2-

 as the sacrificial electron acceptor.
56

 A TOF of 1.3 ± 0.2 mol(O2)  

mol
-1

 s
-1

 and TON of 51 ± 3 mol(O2) mol
-1

 was observed. 

 

Figure 1.16. Pentapyridine Co(II) complex. 

  In addition, several porphyrin-based Co(II) complexes have been evaluated for 

photocatalytic
57

 and electrocatalytic
58

 water oxidation (Figure 1.17). Photocatalytic water 

oxidation studies were performed with water-soluble Co complexes at different pH values using 

[Ru(bpy)3](NO3)2 and Na2S2O8. Maximal activity was observed at pH 11, with a TOF of 0.17 s
-

1
.
57b
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Figure 1.17. Porphyrin-based Co(II) water oxidation catalysts. 

Electrocatalytic water oxidation has been explored with a series of cationic porphyrin Co 

complexes in neutral aqueous solutions (Figure 1.18a).
58a

 A Faradaic efficiency near 90% was 

observed, with O2 formation rate of 170 mmol cm
-2

 min
-1

. Mechanistic studies have revealed the 

formation of a high-valent Co
IV

-O porphyrin cation radical (formally Co(V) species) as the 

catalytically competent species. A pH 7 sodium phosphate buffer system facilitated the 

formation of the active species via redox-coupled proton transfer and O-O bond formation. 

Cobalt hangman corrole systems
58b

 have also been studied as active water oxidation catalysts 

(Figure 1.18b). The rigid xanthene scaffold facilitates the placement of two water molecules 

above the corrole system, which is beneficial for O-O bond formation.
59

 Catalytic activity has 

been observed at 1.25 V vs Ag/AgCl, with a TOF of 0.81 s
-1

. 

 

Figure 1.18. (a) Cationic porphyrin and (b) hangman corrole Co complexes. 

(a) (b)
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Dinuclear Co complexes has also been investigated as homogenous water oxidation 

catalysts. A Co complex using TPA ligand (Figure 1.19a) have been reported,
60 

that functions as 

a photoinduced water oxidation catalyst in presence of [Ru(bpy)3]
2+

 and Na2S2O8. The complex 

demonstrated catalytic activity with a TOF of 1.4 ± 0.1 mol(O2) mol
-1

 s
-1

 and maximal TON of 

58 ± 5 mol(O2) mol
-1

 in pH 8 borate buffer. Similarly, a double helical dicobalt(II) complex 

(Figure 1.19b) reported by the Lau group
61

 has shown photoinduced water oxidation under 

comparable conditions; a maximum TON of 442 has been observed after 3 h irradiation.   

 

Figure 1.19. (a) TPA framework, (b) double helical, and (c) bispyridylpyrazolate dinuclear Co 

complexes. 

The Stahl group
62

 has reported electrochemical water oxidation using two 

bispyridylpyrazolate-ligated dicobalt(III)-peroxo complexes (Figure 1.19c). The complexes have 

shown catalytic activity at pH 2.1, 0.1 M phosphate buffer, for several hours without any signs of 

degradation or decomposition. Oxygen production was detected using a fluorescence quench 

probe, and a Faradaic efficiency of 77 % was observed after 2 h of electrolysis. 

1.4.2. Molecular Cobalt Complexes for Heterogeneous Water Oxidation 

Recent focus has favored the use of cobalt complexes as heterogeneous water oxidation 

catalysts. The report by Du and coworkers
63 

showed that salophen-based Co(II) (Figure 1.20) 

(a) (b) (c)
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complexes can function as catalytic precursors for the formation of nanostructured amorphous 

films on fluorine-doped tin oxide (FTO) electrodes during electrodeposition. The complex 

demonstrated catalytic activity at low overpotential in pH 9.2, 0.1 M potassium borate solution, 

with an onset overpotential for the films observed at ~0.85 V. A Faradaic efficiency of >93 % 

was observed at 1.2 V. Characterization of the catalytic film via scanning electron microscopy 

(SEM), energy-dispersive X-ray analysis (EDX), and X-ray photoelectron spectroscopy (XPS) 

indicated a cobalt-based amorphous film formation. 

 

 

 

Figure 1.20. Salophen-based Co(II) catalysts. 

Similarly, cobaloximes (Figure 1.21a) have also been probed by the Du group as 

heterogeneous water oxidation catalysts using catalytic films obtained by electrodeposition at 1.5 

V and 1.1 V in pH 9.2, 0.1 M borate buffer.
64

 Oxygen evolution was measured using a 

fluorescence-based oxygen sensor, and a Faradaic efficiency of >80 % was observed. Spiccia 

and coworkers
65 

reported that electrodeposition of cobalt oxide films using cobalt 

aminopolycarboxylate complexes (Figure 1.21b) can result in a transparent film capable of 

catalyzing water oxidation. Electrodeposition at 1.0 V (vs. Ag/AgCl) in pH 9.2 borate buffer on 

FTO electrodes resulted in 90 % retention of transparency. 
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Figure 1.21. (a) Cobaloxime and (b) cobalt aminopolycarboxylate catalysts. 

Thin films formed using porphyrin-based cobalt complexes have also been reported as 

heterogeneous catalysts for water oxidation.
66

 Thin films on a FTO electrode were obtained by 

drop casting using a 1 mM solution in tetrahydrofuran (THF). Electrocatalytic water oxidation 

was observed at pH 9.2, with Faradaic efficiencies of ~100 % observed for both the aryl-

substituted porphyrin-based Co complex and its brominated analog (Figure 1.22a, b). The TOFs 

of 0.50 s
-1

 and 0.40 s
-1

 were respectively observed for complexes (a) and (b) during bulk 

electrolysis performed at an applied potential of 1.3 V (vs. Ag/AgCl). According to UV-visible 

spectroscopy, mass spectrometry, SEM and EDX measurements, the film remained stable under 

catalytic conditions. 

(a)

(b)
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Figure 1.22. Porphyrin- and phthalocyanine-based cobalt complexes for heterogeneous water 

oxidation. 

Takanabe and coworkers
67 

have studied the catalytic water oxidation ability of Co- 

phthalocyanine complexes (Figure 1.22c) immobilized on modified FTO-coated hematite 

surfaces. The complex was deposited on the FTO/hematite surface via drop casting. Bulk 

electrolysis performed using the deposited films at 1.85 V (vs. RHE) at pH 13 resulted in a TOF 

of 4.1 s
-1

.  

In general, there is a fundamental need for effective water splitting catalysts from Earth-

abundant metals for efficient fuel production from water. Therefore, based on previous 

knowledge from the group, we expect to (a) synthesize a cobalt containing metallosurfactant that 

can function as a molecular procatalyst for water oxidation, (b) introduce a novel film formation 

methodology to functionalize catalyst onto solid surface to drive heterogeneous catalysis, and (3) 

to investigate the dependence of catalytic activity based on number of deposited film layers.   

1.5. Research Statement and Objectives 

Research interests in the Verani group are directed toward designing and synthesizing 

new redox-active ligand frameworks in which different Earth-abundant metal ions can be 

incorporated for applications in molecular electronics, energy, and protective coatings. 

Furthermore, optimizing the amphiphilicity of these complexes can facilitate their use as 

(a) (b) (c)
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precursors for Langmuir-Blodgett film formation, thereby bridging the gap between solution-

phase and solid-phase chemistry. 

The focus of this dissertation research is to synthesize symmetric and asymmetric redox-

active metallosurfactants containing cobalt(III), nickel(II), copper(II), and zinc(II) complexes, to 

investigate their spectroscopic, electronic, amphiphilic, and LB film formation ability, and 

finally to investigate the applications of these LB films in molecular electronic devices, corrosion 

mitigation, and heterogeneous water oxidation. The specific goals of my research are as follows: 

 Goal # 1: To Evaluate Salophen-based Amphiphilic Metal Complexes Toward Film 

Formation and to Establish a Current Rectification Mechanism of Salophen-based 

Complexes. Based on results from previous studies by Verani and coworkers, we 

hypothesize that redox-active nickel(II) and copper(II) complexes can form 

homogeneous films due to their amphiphilic nature. Additionally, the energetic 

disparity between frontier molecular orbitals of a given copper complex enhances its 

function as an insulator. We anticipate that comparing the orbital arrangement of an 

insulating copper(II) complex with a rectifying iron(III) complex will lead us toward 

determining a rectification mechanisms of salophen-based complexes. 

 Goal # 2: To Modulate the HOMO LUMO/SOMO Energy Gap by Altering the 

Ligand Design of Iron(III) Complexes and to Establish the Role of Axial Ligands 

for Current Rectification. Based on our preliminary results, we hypothesize that 

increasing complex asymmetry via incorporation of pyridine and phenolate arms will 

lower the HOMO-LUMO/SOMO energy gap. Furthermore, we hypothesize that the 

local orbital asymmetry will be modulated through incorporation of different axial 

ligands, which will also result in lower HOMO-LUMO/SOMO energy gaps. We 
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expect that these lower HOMO-LUMO/SOMO energy gaps will be energetically 

comparable with electrode Fermi energies to be involved in electron transfer, which 

in turn will facilitate current rectification.  

 Goal # 3: To Evaluate the Efficiency of Amphiphilic Fe(III), Cu(II), and Zn(II) 

Complexes as Corrosion Mitigating Films. Based on our preliminary results, we 

hypothesize that iron plates can be functionalized with amphiphilic metal-salophen 

complexes using LB technique to enhance electron passivation. Thus, we expect that 

LB film multilayers can mitigate corrosion in these iron plates because it can behave 

as a barrier between the surface and corrosive media.  

 Goal # 4: To Investigate the Heterogenous Catalytic Activity of Co(III) tris-

Phenolate Thin Films in Water Oxidation. On the premise of previous results from 

our group, we propose that conductive substrates can be functionalized with 

amphiphilic molecular procatalysts via LB technique to drive heterogeneous water 

oxidation due to the superior uniform coverage obtained with minute amounts of 

material. We additionally hypothesize that the activity of the final catalytic film can 

be modified by altering the number of deposited LB layers because the LB method 

provides direct control over the thickness of the deposited films by varying the 

number of layers.  
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CHAPTER 2 MATERIALS, METHODS, AND INSTRUMENTATION 

2.1. Materials 

 The chemicals needed for organic ligands and complex syntheses were purchased from 

Sigma-Aldrich, Alfa Aeser, Acros Organics, or Oakwood Chemicals. Solvents used were 

purchased from relevant commercial sources. Solid substrates (glass, mica, gold, and iron) used 

in the deposition of thin films were purchased from SPI Supplies, Goodfellow Supplies or Ted 

Pella, Inc. Fluorine doped tin oxide (FTO) glass substrates were purchased from Sigma-Aldrich. 

2.1. Methods and Instrumentation 

  Multistep synthetic procedures were employed to synthesize the designed ligands and 

metal complexes. Air and moisture sensitive compounds were synthesized using standard 

schlenk line techniques. All the organic ligands and metal complexes were characterized using 

multiple techniques such as proton nuclear magnetic resonance spectroscopy (
1
H-NMR), Fourier 

transform infrared spectroscopy (FTIR), electrospray ionization mass-spectrometry (ESI-MS), 

CHN elemental analysis, and X-ray crystallography when possible. The 
1
H-NMR was used to 

identify protons in different environments, whereas FTIR spectra indicated the presence of 

different functional groups. ESI-MS was used to confirm the presence of the molecular ion peak, 

and CHN and X-ray analysis used to confirm the purity and the structural identities of the 

complexes respectively. Electronic and redox properties were characterized using UV-visible 

spectroscopy and cyclic voltammetry. The film formation ability and the surface analysis of the 

thin films were performed using the Langmuir-Blodgett technique (LB), Brewster angle 

microscopy (BAM), atomic force microscopy (AFM), and infrared reflection absorption 

spectroscopy (IRRAS). Finally the conductivity, corrosion, and catalytic properties of the films 

were analyzed using current–voltage (I-V) measurements, bulk electrolysis, optical microscopy, 
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and gas chromatography respectively. Detailed discussions about these methods are given in the 

next sections. 

2.2.1. Nuclear Magnetic Resonance Spectroscopy (NMR) 

 
1
H-NMR spectroscopy was used to determine the structure of compounds by identifying 

protons in different environments.
68

 Structural characterizations of various ligands and their 

organic precursors were characterized based on the chemical shifts, splitting patterns, and the 

proton counts obtained from 
1
H-NMR spectra. 

1
H-NMR spectra were recorded in CDCl3 using 

Varian 400 MHz instrument. 

2.2.2. Vibrational Spectroscopy  

 Infrared spectroscopy (IR) is a useful technique to identify functional groups of a 

compound based on the vibrational frequencies. When a molecule is exposed to electromagnetic 

radiation in the frequency range 400-4000 cm
-1

, it absorbs specific frequencies of radiation, 

depending on the functional groups and the symmetry within the molecule.
68,69

 Therefore, the 

presence of C=C, C=N, C=O, and C≡N functional groups can be easily observed in a ligand 

frameworks. Furthermore, IR can be used to identify the presence of certain counterions such as 

perchlorate (ClO4
-
) and hexafluorophosphate (PF6

-
). The IR spectra are obtained between % 

transmittance and wavelength and are recorded from 4000 to 650 cm
-1

 as KBr pellets using a 

Bruker Tensor 27 FTIR-spectrophotometer with OPUS 5.0/6.5 software version. 

2.2.3. Mass Spectrometry 

 Mass spectroscopy is one of the analytical techniques used to characterize the molar mass 

of compounds based on their mass/charge (m/z) ratios. Electrospray ionization mass 

spectrometry (ESI-MS) was used to obtain the molar masses of ligand precursors, ligands, and 

metal complexes in positive mode, since it shows m/z ratios associated with unfragmented 
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molecules due to the soft ionization nature of the method.
68,70

 The compound is dissolved in a 

polar volatile solvent such as methanol or acetonitrile, and bombarded with a high energy 

electron beam to produce charged species with fragmented or unfragmented molecules. The 

mass spectrum is based on the m/z ratios and relative intensities of these charged species. 

Usually a cluster of peaks is obtained depending on the relative abundance of the different 

elements of the compound. Low-resolution spectra are obtained primarily to characterize the 

organic ligands, while high-resolution analyses were done for metal complexes. Low-resolution 

mass spectra for the research project were obtained using a Shimadzu LC-8040 Triple Quad 

instrument by us. High resolution mass spectra were obtained using a Water Micromass ZQ 

LC/MS and the analyses were performed by Dr. Lew Hryhorczuk and Dr. Yuri Danylyuk from 

the Lumigen Instrument Center within the department of Chemistry, Wayne State University.  

2.2.4. Elemental Analysis 

 Elemental analysis is used to determine the percentage weights of carbon, hydrogen, and 

nitrogen and the purity of a given sample. The sample is combusted under extreme conditions 

resulting in known quantities of combustion products such as carbon dioxide (CO2), water 

(H2O), and nitrous oxide (N2O). Then the yield of these oxides is quantitatively analyzed to 

determine the empirical formula of the sample. The CHN elemental analysis was performed 

using an Exeter analytical CHN analyzer by Midwest Microlab, Indianapolis, Indiana, an 

independent contractor. 

2.2.5. X-ray Crystallography 

 The X-ray crystallography is an important technique used to identify the geometry and 

the coordination environment of the complex via bond lengths and bond distances. Different 

techniques, including slow evaporation, vapor diffusion, and layering were used to obtain X-ray 
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quality crystals. During the experiment, the crystal was mounted on a goniometer and its 

structure was solved according to the X-ray diffraction pattern obtained based on the atomic 

patterning. Diffraction data were obtained by a Bruker X8 APEX-II Kappa geometry 

diffractometer using Mo radiation and graphite monochromator. Different programs and 

software such as APEX-II,
71

 SHELX,
72

 and SAINT
73

 were used to solve and refine the 

structures. Mr. Habib Baydoun and Mr. Kenneth Kpogo from the Verani Group at Wayne State 

University measured and solved the crystal structures. 

2.2.6. Electronic Spectroscopy 

 The UV-visible spectroscopy is a technique widely used to analyze the electronic 

absorption properties of complexes. The electrons of a molecule will absorb energy from visible 

to UV region (200-780 nm) and will be promoted from ground state to a higher energy excited 

state. Electronic transitions occur based on Laporte and spin selection rules. According to the 

Laporte selection rule, if a molecule is centrosymmetric, transitions between a given set of p or d 

orbitals are forbidden while the spin selection rule forbids the transition between states of 

different multiplicities.
68

 Sample absorbance can be calculated using the Beer-Lambert law, A = 

ε C l, where A is absorbance, ε is molar absorptivity coefficient, C is concentration of the 

complex, and l is path length of the cell. A metal complex generally shows three transitions 

originating due to ligand-centered processes, charge transfer processes and d-d transitions. 

Ligand centered processes are observed as high intensity bands ε from ~ 20,000 to 200,000 L 

mol
-1

 cm
-1

. Charge transfer processes can occur due to ligand-to-metal charge transition (LMCT) 

or metal-to-ligand charge transition (MLCT) and are observed as medium intensity bands with ε 

ranging from ~5000 to 50,000 L mol
-1

 cm
-1

. Both ligand-centered and charge transfer processes 

are allowed transitions according to Laporte and spin rules. Conversely, d-d transitions give rise 
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to very low intensity bands ε from ~ 10 to 100 L mol
-1

 cm
-1

 because they are forbidden by 

Laporte and spin selection rules.
68

 

 The UV-visible measurements of LB films can be used to acquire information about 

molecular ordering during film deposition. According to literature,
74,75

 there are two types of 

aggregation patterns known as H- and J- aggregates. The J-aggregates show a bathochromic shift 

in the spectra, while H-aggregates show a hypsochromic shift in the absorption spectra. All 

spectra are obtained at room temperature using a Varian Cary 50 spectrophotometer or a 

Shimadzu UV-3600 UV-VIS-NIR spectrophotometer in a quartz cell. 

2.2.7. Cyclic Voltammetry 

 Cyclic voltammetry is one of the main characterization techniques used to study the 

electrochemical properties of a complex. It allows inference on the measurement of electron 

transfers between a working electrode and molecules present in a test solution.
76

 To investigate 

the redox properties of complexes cyclic voltammetry experiments were performed at room 

temperature in dichloromethane or acetonitrile under inert conditions. For this purpose a three-

electrode system was used with glassy carbon as the working electrode, Pt wire as the auxiliary 

electrode, and Ag/AgCl as the reference electrode. A 0.1M tetrabutylammonium 

hexafluorophosphate (TBAPF6) was used as the supporting electrolyte to minimize solution 

resistance. The ferrocene/ferroceniun couple (E◦ = 0.4 V vs. NHE)
77

 was used as an internal 

standard by which all potentials are recorded. Reversibility of the redox processes were assigned 

based on the potential separation of a redox couple (ΔE = |Epc – Epa|) and the ratio between the 

anodic and cathodic peak currents (|ipa/ipc|). Electrochemical experiments were performed using a 

BAS 50W potentiostat or CHI600E voltametric analyzer. 

 



32 
 

 
 

2.2.8. Langmuir Blodgett (LB) Isothermal Compression  

 Langmuir-Blodgett (LB) technique is one of the few methods used to obtain organized 

molecular assemblies and quantify the amphiphilicity of molecules at the air/water interface. 

This technique can be used to obtain mono or multilayered thin films. The thickness of these 

films varies based on molecular structure and packing topology.
78

 The LB experiments were 

carried out using an automated KSV 2000 mini trough at 23 ± 0.5 °C. Barnstead NANOpure 

water with a resistivity of 18.2 MΩ cm
-1

 was used as the subphase solution. Different salt 

solutions such as sodium chloride and sodium terephthalate can also be used as subphase 

solutions.
79

 

 The LB instrument consists of a mini-trough filled with the subphase solution and two 

movable barriers that can skim the surface of the subphase which leads control to surface area 

available for the floating monolayer. In order to form Langmuir films, the compound of interest 

is dissolved in a volatile solvent such as chloroform (1 mg/ml), which neither reacts nor 

dissolves in the subphase, and placed on the subphase in a random manner. Surface pressure was 

monitored using a Wilhelmy plate attached to a sensitive balance. The experiment will begin 

after a 20-minute waiting period. During compression, the surface pressure will increase and the 

molecules will transfer through a gaseous 2D phase to an expanded 2D phase, and finally to a 

condensed 2D phase.
80

 Assessment of the molecules at the air/water interface is obtained by a 

compression isotherm that plots the surface pressure (mN/m) vs. average area per molecule (Å
2
) 

at 23 ± 0.5 °C as shown in Figure 2.1.  
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Figure 2.1. Schematic representation of isothermal compression plot. 

 The compression isotherm provides information regarding molecular organization, 

critical area per molecule (Ac), collapse pressure (πc) and surface pressures of possible phase 

transitions. Film collapse can occur via two mechanisms: constant pressure collapse or constant 

area collapse.
81,82

 The steepest region of the isotherm is obtained when the film is homogeneous. 

 The LB technique can be used to transfer thin films onto solid substrates like glass, mica, 

gold, or quartz without drastic changes in molecular orientation. Transfer of the monolayer onto 

the substrate is based on hydrophilic or hydrophobic interactions of the head or the tail group of 

the molecule and the solid substrate. A Y-type deposition that incorporates both up and down 

ward strokes was used to transfer LB films onto solid surfaces.
80a

 The transfer ratio (TR) gives 

an indication about the surface coverage. A TR close to unity indicates a complete surface 

coverage from the LB film.
83

  

2.2.9. Brewster Angle Microscopy (BAM) 

 Brewster angle microscopy (BAM) is a technique used for real-time evaluation of film 

compression at the air/water interface. The BAM technique was used to observe domain 

formation, Newton ring formation, collapse, and other defects of the thin film formed at the 
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air/water interface.
84

 Collapse of the films can be observed as an array of Newton rings.
85

 The 

BAM images were obtained using a KSV-Optrel 300 Brewster angle microscope with a He/Ne 

laser (10 mW, 632.8 nm) and a CCD detector.  

2.2.10. Infrared Reflection Absorption Spectroscopy (IRRAS) 

 Infrared Reflection Absorption Spectroscopy (IRRAS) is an analytical technique used to 

characterize structural information and packing topologies of thin films deposited on solid 

substrates. The IRRAS mainly consists of four parts, namely IR light source, mid-infrared range 

(MIR) polarizer, photoelastic modulator, and a mercury cadmium telluride (MCT) detector as 

shown in Figure 2.2.
86

 

  

 

 

Figure 2.2. Schematic representation of IRRAS spectrophotometer. 

 The photoelastic modulator generates alternating linear states of polarized light. 

Therefore, an infrared beam can split into two components as p-polarized light, if the 

polarization plane is parallel to the incident, or s-polarized light, if the polarization plane is 

perpendicular to the plane of incident.
87

 In the experimental set-up, the infrared beam was 

focused on the thin film at an incident angle ranging from 13 - 83˚ after being polarized by the 

MIR polarizer and photoelastic modulator. Then the beam reflected from the sample was 

collected in the MCT detector. Data were generally collected for five minutes for both the 

sample and blank with varying angles from 20-80˚. The final spectrum is then obtained by 
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dividing the film spectra at a particular angle by the blank spectra at the same angle. The IRRAS 

spectra for 50-layer deposited films were obtained using a Bruker Tensor 27 infrared outfitted 

with an A 513/Q variable angle accessory. 

2.1.11. Atomic Force Microscopy 

Atomic force microscopy (AFM) is a widely used technique to analyze nanoscopic 

surface features of film deposited solid substrates.
88

 During the project, AFM images for the 

monolayers deposited on mica and gold were obtained using a Dimension 3100 AFM (VECCO) 

instrument.
89

 The Nanoscope software from Digital Instruments (Version 5.12) was used to 

analyze the images obtained. The AFM analyses were performed in collaboration with Prof. 

Guangzhao Mao from Department of Chemical Engineering and Materials Science at Wayne 

State University. 

2.1.12. Device Fabrication and Current-Voltage (I/V) Characterization 

One of the goals of the research project was to incorporate amphiphilic metal complexes 

with desired electronic and redox properties in electrode|molecule|electrode assemblies and 

investigate their current rectification behavior.
90 

To fabricate gold|molecule|gold assemblies, gold 

coated mica substrates were deposited with LB monolayers at an appropriate pressure identified 

by AFM analysis and dried in a desiccator for five days to get clear of any moisture. Then the top 

gold layer was introduced using shadow masking method.
91

 In order to generate a number of 

isolated devices on the same substrate as shown in Figure 2.3, a copper TEM grid was used on 

top of which a gold electrode was deposited using an EffaCoater gold sputter instrument using 

argon as the carrier gas. The current–voltage measurements (I-V) were obtained at room 

temperature using a Keithley 4200 semiconductor parameter analyser and a Signatone S-1160 
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probe station. These measurements were obtained in collaboration with Prof. Zhixian Zhou from 

Department of Physics and Astronomy at Wayne State University  

 

 

 

 

Figure 2.3. Schematic representation of Au|LB-Monolayer|Au device. 

2.1.13. Electrocatalysis (Electrochemistry, Bulk Electrolysis, and Gas Chromatography) 

Another goal of the research project was to study the catalytic activity of a metal complex 

deposited on solid substrate towards water oxidation. The catalytic activity of a complex towards 

water oxidation was verified in presence of pH 11, 0.1 M sodium borate buffer. The catalytic CV 

was obtained using a LB monolayer deposited FTO plate as the working electrode, Ag/AgCl as 

the reference electrode, and Pt wire as the auxiliary electrode at room temperature. The 

overpotential values were calculated by subtracting the thermodynamic standard potential for 

oxygen generation from the potential obtained from cyclic voltammogram as given in equation 

1.
92

  

Over potential = │Eexp – E
◦ 

H2O/O2│                                       (1) 

In order to determine the amount of oxygen produced, bulk electrolysis experiments were 

carried out using CHI600E voltammetric analyzer. An ITO plate coated with one layer of the 

compound with 0.7 cm
2
 area as the working electrode, 12 inch Pt coil as the auxiliary electrode, 

and Ag/AgCl as the reference electrode was used. Bulk electrolysis was performed in a custom-

LB Monolayer

Bottom Au Electrode 

Top Au Electrode

Substrate

V



37 
 

 
 

made airtight H-type cell. The working electrode and reference electrode were placed in the 

same compartment while the auxiliary electrode was placed in the adjacent compartment 

separated by a frit. Both compartments were filled with pH 11, 0.1 M sodium borate buffer. The 

working electrode was subjected to one hour electrolysis under 1.2 V applied potential. The 

amount of oxygen produced was determined using a Gow-Mac 400 gas chromatograph (GC) 

equipped with a thermal conductivity detector, and a 8 ft x 1/8 in, 5 Å molecular sieve column 

operating at 60 
◦
C. Helium was used as the carrier gas at a flow rate of 30 ml/min. The Faradaic 

efficiency and approximate turnover number were calculated according to the GC measurements. 

A detailed discussion on turnover number and Faradaic efficiency calculations is given in 

Chapter 6. 

2.1.14. Density Functional Theory (DFT) calculations 

Density Functional Theory (DFT)
93

 calculations were performed to validate the electronic 

and redox processes of the complexes. All the calculations were performed with a development 

version of Gaussian,
94

 using B3LYP functional
95 

with SDD basis set and pseudopotentials
96

 on 

the metal, and 6-31G(d,p) basis
97 

on the other atoms. All optimized structures were confirmed as 

minima by analyzing the harmonic vibrational frequencies. Solvation effects (in 

dichloromethane) were accounted for using the implicit SMD continuum solvation model.
98

 Spin 

density plots and molecular orbitals were visualized using Gauss View.
99

 The calculations were 

performed in collaboration with Prof. H. Bernhard Schlegel from Department of Chemistry at 

Wayne State University. Dr. Shivnath Mazumdar and Mr. Bishnu Thapa are acknowledged for 

carrying out the calculations.   
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CHAPTER 3 SALOPHEN-BASED AMPHIPHILIC NICKEL(II) AND COPPER(II) 

COMPLEXES FOR THIN FILM FORMATION AND INVESTIGATION OF CURRENT 

RECTIFICATION MECHANISM  

Portions of the text in this chapter were reprinted or adapted with permission from: 

Wickramasinghe, L. D.; Mazumder, S.; Gonawala, S.; Perera, M. M.; Baydoun, H.; Thapa, B.; 

Li, L.; Xie, L.; Mao, G.; Zhou, Z.; Schlegel, H. B.; Verani, C. N.; Angew. Chem. Int. Ed. 2014, 

53, 14462. All rights to the work are retained by the authors and any reuse requires permission of 

the authors. 

3.1. Introduction 

Molecular rectification was first proposed as a gedanken experiment with well-defined 

donor and acceptor moieties that can facilitate the directional current flow.
100

 The experimental 

evaluation on molecular rectification was then performed using electrode|molecule|electrode 

assemblies.
101

 The use of physisorbed Langmuir-Blodgett (LB) films during device fabrication 

will prevent the formation of Schottky barriers, which are common with self-assembled 

systems.
102

 Therefore molecular rectification can follow either an asymmetric or unimolecular 

mechanism where frontier molecular orbitals are involved in the electron transfer. In the 

asymmetric mechanism, only the lowest unoccupied molecular orbital (LUMO) is involved in 

electron transfer, because the highest unoccupied molecular orbital (HOMO) is much lower in 

energy compared to the Fermi level of electrode. On the other hand in unimolecular mechanism, 

HOMO of donor moiety and LUMO of acceptor moiety are energetically comparable with 

electrode Fermi levels making both HOMO and LUMO involved in electron transfer.
101a,b

 

Therefore, redox active molecular systems play an important role in efficient electron transfer. 

The redox behavior of a complex can be modulated by incorporating a redox-active metal into 

redox-noninnocent ligand frameworks such as salophen chelators.
103,104
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Our group has reported that phenolate rich [Fe
III

L
N2O3

] systems can function as molecular 

rectifiers, with rectification ratios (RR = [I at-Vo/I at +Vo]) varying from 4.52 to 12 between-2 to 

+2 V and from 2.95 to 36.7 between-4 to +4 V.
105  

However, the mechanism for current 

rectification was not well understood for this system. Therefore, in order to identify the 

rectification mechanism in coordination complexes, a new class of salophen-based Cu(II) and 

Ni(II) complexes were synthesized and corresponding electronic structure and redox behavior 

was evaluated with a similar rectifying Fe(III) complex which was synthesized by Dr. 

Wickramasinghe. Herein, we hypothesize that redox active nickel(II) and copper(II) complexes 

can be used in LB film formation needed for device fabrication due to the amphiphilic nature 

introduced by incorporating hydrophilic alkoxy groups and hydrophobic t-butyl groups. 

Furthermore, we hypothesize that the square planar geometry of Cu(II) complex will lead to a 

large energy difference in frontier molecular orbitals, making it an insulator which will help in 

the comparison with the orbital arrangement of rectifying Fe(III) complex to ultimately propose 

a rectification mechanism for salophen-based complexes.  

In this chapter we investigate the structural, electronic, redox, and amphiphilic behavior 

of new salophen-based [Ni
II
L

N2O2
] (1) and [Cu

II
L

N2O2
] (2) complexes as shown in Scheme 3.1a. 

We further evaluate the frontier molecular orbital energy positioning of copper(II) complex with 

a similar rectifying pentacoordinated iron(III) complex [Fe
III

L
N2O2

] (3) (Scheme 3.1b) to propose 

a plausible rectification mechanism that salophen-based complexes would follow. 



40 
 

 
 

 

Scheme 3.1. (a) The [Ni
II
L

N2O2
] (1) and [Cu

II
L

N2O2
] (2) complexes, and [Fe

III
(L

N2O2
)Cl] (3) 

complex used for comparisons. 

3.2. Experimental Section 

3.2.1. Synthesis of the Ligand [H2L
N2O2

] 

The synthetic procedure for 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) which 

is abbreviated as [H2L
N2O2

] has been reported elsewhere.
103

 

3.2.2. Synthesis of Metal Complexes 

Synthesis of Complex [Ni
II

L
N2O2

] (1) 

The complex [Ni
II
L

N2O2
] (1) was synthesized by treating a 3:1 methanol:dichloromethane 

solution of [H2L
N2O2

] (0.1 g: 0.145 mmol) and NaOCH3 (0.016 g: 0.3 mmol) with nickel 

chloride under refluxing conditions for 2 h. Complex 1 was isolated as maroon needle-like 

crystals from a 3:1 methanol:dichloromethane solution. Yield: 77 %. ESI (m/z
+
) in CH3OH = 

745.3 (100 %) for [C42H58N2O6Ni+H
+
]. Anal. Calc. for [C42H58NiN2O6]: C, 67.66; H, 7.84; N, 

3.76 % Found: C, 67.83; H, 7.94; N, 3.90 % IR (KBr, cm
-1

): 2851-2920 (νC-H), 1605 (νC=C, 

aromatic), 1515 (νC=C, aromatic) 1591 (νC=N), 1278 (νC-O-C), 1132 (νC-O-C). 

 

(a) (b)
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Synthesis of Complex [Cu
II

L
N2O2

] (2) 

The [Cu
II
(L

N2O2
)] complex (2) was synthesized by treating a 3:1 

methanol:dichloromethane solution of [H2L
N2O2

] (0.1 g, 0.145 mmol) and NaOCH3 (0.016 g, 0.3 

mmol) with CuCl2.2H2O (0.025 g, 0.147 mmol) under refluxing conditions. Brown needle-like 

crystals were obtained from a 3:1 methanol:dichloromethane solution. Yield: 75 %. ESI (m/z
+
) in 

CH3OH = 750.3661 (100 %) for [C42H58N2O6Cu+H
+
] (calculated = 750.3669) in agreement with 

-1.1 ppm difference. Anal. Calc. for [C42H58CuN2O6]: C, 67.22; H, 7.79; N, 3.73 %. Found: C, 

67.27; H, 7.71; N, 3.70 %. IR (KBr, cm
-1

) 2870-2954 (νC-H), 1610 (νC=C, aromatic), 1504 (νC=C, 

aromatic) 1589 (νC=N), 1272 (νC-O-C), 1131 (νC-O-C). 

3.2.3. Molecular Structure Analysis 

Single crystals of complex 4 were grown by slow evaporation of the reaction mixture. A 

brown needle-shaped crystal with dimensions of 0.04 × 0.04 × 0.15 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 monochromator using a Bruker CCD (charge 

coupled device) based diffractometer equipped with an Oxford Cryostream low temperature 

apparatus. The data 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 0.8 Å with a completeness of 100 %. 

The structure was solved by the direct method using the SHELXS-97 program which is a part of 

APEX II
106

 and refined by least squares method on F2, SHELXL-97,
107

 which is incorporated in 

OLEX2.
108

 The structure was solved in the space group Pbca. Atom C42 was disordered; 

therefore, it was refined by assigning partial occupancies. Hydrogen atoms were placed in 

calculated positions. Selected crystallographic data are shown in Table 3.1. 
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 (2) 

Formula C86H126N4O15Cu2 

M 1582.99 

Temperature/K 100.1 

Crystal system orthorhombic 

Space group Pbca 

a/Å 30.4737(17) 

b/Å 14.0120(7) 

c/Å 40.726(2) 

α/° 90.00 

β/° 90.00 

γ/° 90.00 

Volume/Å
3
 17389.9(16) 

Z 8 

Dcalc / g cm
-3

 1.209 

μ/ mm
-1

 0.552 

R(F)
 
(%) 5.67 

Rw(F) (%) 10.55 

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 3.1. Selected X-ray crystal data for complex 2. 

3.3. Results and Discussion 

3.3.1. Synthesis and Characterization of Metal Complexes 

The complexes were synthesized by reacting one equivalent of the ligand with one 

equivalent of appropriate metal chloride salts under refluxing conditions. The IR spectroscopic 

data for 1 and 2 showed symmetric and asymmetric C-H stretching vibrations in the regions of 

2820–2950 cm
-1

 and a prominent peak at ~1590 cm
-1

 belonging to the C=N stretching vibrations. 

CHN elemental analysis showed an excellent agreement between experimental and theoretical 

values. 
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3.3.2. Molecular Structure 

The structure of complex 2 was confirmed by crystal structure analysis as shown in 

Figure 3.1. It revealed that the copper(II) complex is in a square-planar geometry with an 

[N2O2] coordination environment where the nitrogen and oxygen atoms are trans to each other. 

The average Cu–O and Cu–N distances are 1.892 Å and 1.936 Å respectively, which are in 

agreement with reported values.
104a,b

 

 

Figure 3.1. ORTEP representation at 50% probability for complex 2. Hydrogen atoms omitted 

for clarity. 

3.3.3. Electronic Spectral Properties 

The UV-visible spectra of the ligand and the metal complexes 1 and 2 were recorded in 

1.0 × 10
-5

 mol L
-1 

dichloromethane solutions. The observed UV-visible spectra for complexes 1 

and 2 are shown in Figure 3.2. The uncoordinated ligand showed intense absorption bands in the 

range of 280-360 nm due to ligand-based π→π* charge transitions. Complexes 1 and 2 showed 

high intensity bands from 250-500 nm with ε ranging from 10,200 - 39,500 L mol
-1 

cm
-1

. 
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Complex 1 showed a low intensity band ~600 nm (< 500 L mol
-1 

cm
-1

) and complex 2 shows a 

band at ~550 nm (< 500 L mol
-1 

cm
-1

). According to literature,
109,110

 the absorption bands in the 

region of 250 - 500 nm are assigned as intraligand π→π* charge transitions (ILCT). The low 

intensity absorption bands ~550 and 600 nm can be assigned as d-d transitions.   

Figure 3.2. The UV-visible spectroscopic data of metal complexes 1 and 2 in 1.0 × 10
-5

 mol L
-

1
solutions. 

These attributions were further confirmed by time-dependent DFT (TD-DFT)
111

 

calculations along with the natural transition orbital (NTO) method.
112

 Four absorptions of 

reasonable oscillator strength were found by TD-DFT calculations in the region of 318–462 nm 

for ILCT as shown in Figure 3.3.  
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Figure 3.3.  TD-DFT spectrum and NTOs (isodensity value of 0.05 a.u.) of the excitations for 

the complex 2. 

However, complex 3 showed both ILCT and metal-to-ligand charge transfer (MLCT) 

transitions between 310-400 nm originating from phenylenediamine- and phenolate-based pπ 

orbitals to dσ* and dπ* iron(III)-based orbitals (Figure 3.4).
103

 This suggests that metal-based 

singly occupied SOMO of complex 3 is energetically more available than of 1 and 2. 

 

Figure 3.4.  TD-DFT spectrum and NTOs (isodensity value of 0.05 a.u.) of the excitations for 

the complex 3. 

 

(a)

(b)
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3.3.4. Electrochemical Properties 

The cyclic voltammograms of 1 and 2 were recorded in 1.0 × 10
-3

 mol L
-1 

dichloromethane solution using TBAPF6 as the supporting electrolyte. All the potential values 

were recorded versus the Fc/Fc
+
 couple.

113
 Complex 1 showed only ligand-based processes, 

while complex 2 showed both ligand-based oxidation and metal-based reduction processes as 

shown in Figure 3.5.  

 

Figure 3.5. Cyclic voltammograms of complexes 1 and 2 in 1.0 × 10
-3

 mol L
-1

 dichloromethane 

solution. 

Complexes 1 and 2 showed two reversible ligand based oxidation processes at 0.47 V 

(ΔE = 0.11 V, |Ipa/Ipc| = 1.2), 0.80 V (ΔE = 0.12 V, |Ipa/Ipc| = 1.1) for complex 1, and 0.40 V (ΔE 

= 0.11 V, |Ipa/Ipc| = 1.1), 0.78 V (ΔE= 0.11 V, |Ipa/Ipc| = 1.0) for complex 2.
 
Thomas et al. 

observed similar oxidation processes for systems with methoxy substituents on 

phenylenediamine at ~0.41 V and 0.70 V.
110

 According to literature
110,114 

and DFT calculations, 

the first oxidation is attributed to the formation of a delocalized diiminobenzene π-radical species 

 (1)

1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0

Potential vs. Ferrocene (V)

 (2)



47 
 

 
 

whereas the second oxidation process is attributed to phenolate/ phenoxyl oxidation.
 
Apart from 

the reversible oxidation processes, complex 1 showed an irreversible ligand reduction at Epa= -

2.18 V due to imine reduction. Complex 2 showed a quasi-reversible process at -1.85 V (ΔE = 

0.19 V, |Ipa/Ipc| = 1.9) attributed to the Cu
II
/Cu

I
 reduction.

115
 Similarly, complex 3 showed a 

quasi-reversible reduction process at-1.02 V assigned to the Fe
III

/Fe
II
 redox couple.

103
 

3.3.5. Spectroelectrochemistry and DFT Analysis 

The spectroelectrochemical experiments were carried out for complex 2 because it 

showed both ligand oxidation and metal reduction ability, using dichloromethane solution under 

fixed potentials using TBAPF6 as the electrolyte. The spectrum obtained for the reduction from 2 

to 2
-
 at VFc+/Fc = -2.07 V showed a decrease in all π→π* transitions associated with the Cu

II
/Cu

I
 

couple (Figure 3.6) while the complex 3 showed a decrease in the bands between 300–750 nm 

with a new band appearing at 451 nm.
103

 The first oxidation process for 2
+
 at VFc+/Fc = 0.49 V 

showed an overall increase in intensity. Dominant features were observed at 1100 nm for 2
+
 and 

is attributed to ILCT π→π* transitions. Similar observations were obtained for complex 3. 

 

Figure 3.6. Electronic spectral changes observed for (a) oxidation and (b) reduction for complex 

2 under fixed potential conditions. 

The electrochemical events were further investigated using DFT methods.
116

 The Figure 

3.7 shows spin densities for the relevant structures of complex 2. The reduction of 2 was 
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confirmed as metal-centered, and the resulting 3d
10

 copper(I) complex, 2
-
, is a closed shell 

singlet (S=0) and is severely distorted. The two phenoxyl rings are no longer coplanar leading to 

significant disruption of the π conjugation in the ligand framework which is responsible for the 

decrease in the ILCT processes observed in the spectroelectrochemical experiment. The first 

oxidation to 2
+
 is ligand-based yielding a radical that is delocalized over the phenylenediamine 

moiety. The resulting phenylenediamine π radical cannot couple with the copper-based singly 

occupied dx
2

-y
2

 orbital and the HS triplet (S=1) state is found to be lower in energy than the AF 

coupled state (S=0) by 1.5 kcal mol
-1

. The second oxidation for 2
++

 involved a 

phenolate/phenoxyl-based process.
117

 

 

Figure 3.7. DFT-calculated spin density plots (isodensity 0.004 a.u.) showing oxidation and 

reduction for 2. Hs omitted in 2
-
. 

Similarly reduction of complex 3 was confirmed as an Fe
III

/Fe
II
 event leading to a high 

spin (S=4/2) iron(II) species. The first oxidation to 3
+
 is ligand-based, yielding a radical 

delocalized over the phenylenediamine moiety, while second oxidation involves a 

phenolate/phenoxyl process
103 

as illustrated in Figure 3.8. 
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Figure 3.8. DFT-calculated spin density plots (isodensity 0.004 a.u.) showing oxidation and 

reduction for 3.  

3.3.6. Isothermal Compression Data 

The amphiphilic properties of the complexes were assessed using isothermal compression 

data and Brewster angle microscopy (BAM) images at 23
◦
C. The complexes started to interact 

with each other at ~50 Å
2 

molecule
-1 

and further compression resulted in a homogeneous film 

with a critical area of 46 Å
2 

molecule
-1

. The isotherms obtained between average molecular area 

vs. surface pressure of complexes 1 and 2 did not show any special phase transitions and showed 

respective collapse pressures of ca. 34 and 31 mN/m. Both complexes showed a constant 

pressure collapse,
118

 following the Ries mechanism.
119

 The BAM images obtained during the LB 

experiment showed a homogenous film formation at the air/water interface between 5-38 mN/m 

with no defects until arrays of Newton rings observed at the collapse of the Langmuir film.
120

 

The isothermal compression data obtained for the complexes 1 and 2 are shown in Figure 3.9 

along with selected BAM images. 
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Figure 3.9. Compression isotherm data of complexes 1 and 2 with their selected BAM 

micrographs. 

3.3.7. Surface Characterization Using Atomic Force Microscopy (AFM) 

AFM analyses were performed to access the surface topology of the LB films on mica 

substrates, for films deposited at different surface pressures. The deposition transfer ratios were 

close to unity, as indicative of a near complete transfer onto the surface. The monolayers were 

deposited at room temperature at surface pressures of 12, 18, 20, 24, 26, and 28 mN/m for 

complex 1, and at 5, 10, 20, 25, 30, and 32 and 40 mN/m for complex 2. The AFM images 

obtained for complexes 1 and 2 are shown in Figure 3.10. According to the images, films 

deposited at lower surface pressures showed a random film deposition with defects as pinholes 

while a homogeneous film formation was observed at 20-25 mN/m with no defects. The films 

deposited at higher surface pressures appeared rougher with aggregates on the surface, due to 

multilayer formation from molecular tumbling and film folding at the film collapse.
119  
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Figure 3.10. The AFM images of monolayer films deposited on mica substrates at different 

surface pressures (a) for complex 1, (b) for complex 2. Scan size 5 μm, Z range 5 nm unless 

otherwise noted. 
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3.3.8. Langmuir-Blodgett Film Characterization Using UV-visible and IRRAS 

Spectroscopy  

The UV-visible spectra of 30-50 LB film deposited glass substrates were recorded to 

evaluate the retention of molecular composition after film deposition. The UV-visible spectra 

obtained for films of complexes 1 and 2 in comparison with that in solution is given in Figure 

3.11. The UV-visible spectra of the LB multilayer films showed that both species conserve the 

main original electronic processes with minor decrease in absorptions, accompanied with a red-

shift that is attributed to conformational changes associated with film packing
121

 and J-type 

chromophore aggregation.
122

 The comparable LB film UV-visible spectra with that in solution 

reveal that the molecular structure remains intact after film deposition process. 

 

Figure 3.11. UV-visible spectra of multilayer LB films of (a) complex 1 [30 depositions], and 

(b) complex 2 [50 depositions] in comparison with their solution spectra. 

Infrared reflection absorption spectroscopy (IRRAS) can be also used to predict the 

composition and ordering of the molecules after film deposition.
123 

 The IRRAS data were 

collected using 30-50 layer deposited glass substrates under p-polarized light at angle of 

incidence of 30° and 40° for complexes 1 and 2, respectively (Figure 3.12). Both complexes 

showed bands at ~3000-2800 cm
-1

 belonging to symmetric and asymmetric C-H stretching 
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vibrations, as well as bands at ~1600-1300 cm
-1

 belonging to C=C aromatic stretching, CH2/CH3 

deformation vibrations and C=N stretching vibrations. The IRRAS spectra showed both upwards 

and downwards bands associated with the molecular ordering during film deposition.
124

 These 

factors suggest that the complexes have formed ordered layers during the LB film deposition and 

remained intact after the film deposition. 

 

Figure 3.12. Full IRRAS spectra (a), (c) and the region between 1300-1800 cm
-1

 (b), (d) for 

complexes 1 and 2 in comparison with their bulk IR spectra. 

3.3.9. Device Fabrication and Current-Voltage Characterization 

Complex 2 was chosen from complexes 1 and 2, for device fabrication because it showed 

a metal-based reduction process which can perform as an electron acceptor moiety in current 

rectification.
 
The Au|LB|Au assembly was built using monolayers deposited at 25 mN/m surface 

pressure on gold-coated mica substrates for current-voltage measurements. The AFM images 
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obtained for LB monolayer deposited on gold-coated mica substrate are shown in Figure 3.13a 

and b. The LB films were then topped with a gold layer deposited using shadow masking 

method.
101a,b,125

 The resulting assembly contained 16 Au|LB|Au devices and their current-voltage 

(I/V) curves were measured under ambient conditions. An optical micrograph image and a 

schematic representation of the assembly are given in Figure 3.13c and d, respectively. The 

reproducibility of the I-V curves were explored by measuring multiple devices of both a given 

assembly and different assemblies. Similar methods were followed to build the device using 

complex 3.
103

 

 

Figure 3.13. The AFM images of (a) bare gold substrate, (b) LB monolayer deposited gold 

substrate, (c) optical micrograph of the assembly, and (d) schematic representation of the 

assembly. The scan size was 5 μm and Z range was 20 nm for the AFM images. 

The current-voltage measurements performed for the device assembly of complex 2 

resulted in a flat I/V curve representing an insulating behavior (Figure 3.14a), while complex 3 
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showed an asymmetric current response, representing a rectification behavior (Figure 3.14b). 

The observed rectification ratio ranged from 3.99 to 28.6 between -2 to +2 V and from 2.04 to 31 

between -4 to +4 V.
103

  

 

Figure 3.14. The I/V characteristics observed for Au|LB|Au device of (a) complex 2 and (b) 

complex 3. 

Therefore, evaluation of the possible rectification mechanisms must take into account 

plausible electron transfer pathways. Since the device consists of physisorbed material on two 

identical electrodes, a purely Schottky mechanism can be eliminated.
102 

Thus, the energies of 

molecular frontier orbitals should be compatible with the electrode Fermi levels for electron 

transfer to take place. Gold electrodes Fermi level is 5.1 eV below vacuum,
126

 and electron 

transfer will be favored by the systems with the best match between Fermi level and 

HOMO/LUMO or HOMO/SOMO (singly occupied) energies of the molecules. Therefore to 

evaluate the energy match between Fermi level and molecular frontier orbitals, the redox 

potentials obtained from cyclic voltammetry were converted to comparable solid state potentials 

using equations 1 and 2,
127

 and was compared with the electrode Fermi energy (EF) levels.  
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The values of Va and Vi are respectively very close to the first electron affinity and first 

ionization energy levels of the molecule supported on the electrodes. Furthermore, the Va values 

correlate with the first metal-centered lowest unoccupied molecular orbital (LUMO) or singly 

occupied molecular orbital (SOMO), and Vi values correspond to first ligand-centered highest 

occupied molecular orbital (HOMO). The E1/2
ox

 and E1/2
red 

are the half-wave first oxidation and 

first reduction potentials versus standard calomel electrode (SCE).  

The calculated SOMO values were -3.2, and -4.1 eV while the HOMO values were -6.1, 

and -6.5 eV for complexes 2 and 3, respectively. Therefore, the model depicted in Figure 3.15, 

shows that the only available SOMO for 2 is the copper-based dx
2

-y
2

 orbital situated 

approximately 2 eV above the electrode Fermi level. This MO is likely not attainable at the 

applied bias, and this energetic mismatch accounts for the observed I/V insulating behavior of 

the copper(II) complex. For the square pyramidal iron(III) complex, SOMO is a linear 

combination of dxz and dyz orbitals that lies approximately 1.0 eV above the EF, making it 

energetically comparable for electron transfer. The calculated HOMO energies of complexes 2 

and 3 are situated 1.0 and 1.4 eV below the gold Fermi energy level, respectively. Since complex 

2 is not rectifying, it suggests that the ligand based HOMOs are not involved in the rectification 

process. This shows that only SOMO is involved in electron transfer in complex 3, proposing an 

asymmetric current rectification mechanism. 
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Figure 3.15. Electron transfer model involving the Fermi levels of the electrode into the metal-

based SOMOs of complexes 2 and 3.  

3.4. Conclusion 

In conclusion, redox-active nickel(II) and copper(II) complexes can exhibit amphiphilic 

properties with collapse pressures of ~35 mN/m. The LB monolayers of these complexes showed 

homogeneous film formation at 20-25 mN/m region. The large energy difference between Fermi 

level and SOMO of complex 2, makes it unable to contribute in electron transfer resulting an 

insulating behavior. On the other hand, SOMO energy of complex 3 is energetically comparable 

with electrode Fermi level allowing electrons to transfer via SOMO. This suggests that partially 

filled SOMO can be involved in electron transfer instead of LUMO. However, HOMO of 

complex 2 is situated 1.0 eV below Fermi level and insulating behavior of the assembly suggests 

that HOMO energies are not engaged in electron transfer. Therefore, it suggests that only SOMO 

of complex 3 is involved in electron transfer proposing an asymmetric current rectification 

mechanism. 
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CHAPTER 4 NEW ASYMMETRIC IRON(III) COMPLEXES THAT CAN MODULATE 

FRONTIER MOLECULAR ORBITALS TO FACILITATE CURRENT 

RECTIFICATION  

4.1. Introduction 

Molecular rectification can occur due to formation of Schottky barriers or due to 

asymmetric or unimolecular electron transfer.
128

 The Schottky mechanism can be eliminated due 

to the use of Langmuir-Blodgett films that are physisorbed onto surfaces.
129

 Therefore, the 

placement of frontier molecular orbitals of the molecule with respect to the electrode Fermi 

energy levels plays a major role in deciding between the asymmetric and unimolecular 

mechanisms. In unimolecular mechanism both the highest occupied molecular orbitals (HOMO) 

and lowest unoccupied molecular orbitals (LUMO) are involved in electron transfer because the 

HOMO of the donor moiety is energetically comparable to the Fermi level of one electrode while 

the LUMO of acceptor moiety is comparable to the other electrode. In asymmetric mechanism, 

LUMO of the molecule is energetically comparable with the electrode Fermi level where as 

HOMO is energetically much lower and making it unable to participate in electron transfer.
130

 

Our group recently proposed that singly-occupied molecular orbitals (SOMO) can be involved in 

electron transfer instead of LUMO in asymmetric current rectification using a penta-coordinated 

Fe(III) complex.
131

 According to the report the electron transfer occurred via the SOMO which 

was situated 1 eV above the Fermi level without any involvement of the HOMO which was 

situated 1.4 eV below the electrode Fermi level. Therefore, the energy difference between Fermi 

levels of the electrode and the SOMO energy of complex molecules can direct the asymmetric 

rectification.    

Based on previous findings from our group, phenolate rich asymmetric iron(III) 

complexes are known as good candidates for molecular current rectification in 

gold|molecule|gold assemblies.
131,132

 Therefore, we hypothesize that the incorporation of electron 
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deficient pyridine groups instead of a phenolate arms to the ligand framework will lower the 

SOMO energy levels (Scheme 4.1a, b) of Fe(III) complexes. Moreover, the replacement of an 

axial ligand with ligands acquiring low splitting energies will lower the SOMO energy level of 

the molecules (Scheme 4.1c, d). These lowering of SOMO energy levels with respect to 

electrode Fermi energy will allow lower applied potentials for current rectification.  

In this chapter we investigate the structural, electronic, redox, and amphiphilic behavior 

of four asymmetric iron(III) complexes. We further evaluate that their HOMO-SOMO energy 

positioning with respect to the electrode Fermi energy levels based on calculations performed 

using experimental values. 

 

Scheme 4.1. Asymmetric iron(III) complexes with asymmetric ligand design 1, 2 and with 

different axial ligands 3, 4. 

 

 

 



60 
 

 
 

4.2. Experimental Section 

4.2.1. Synthesis of the Ligands 

Synthesis of Ligand Precursors 

Syntheses of 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine, 2,4-di-tert-butyl-6-

(hydroxymethyl)phenol,  and 2,4-di-tert-butyl-6-(chloromethyl)phenol  were carried out as 

previously described.
131,132,133

 3,5-di-tert-butyl-2-hydroxybenzaldehyde and 2-hydroxy-5-

nitrobenzaldehyde were used as received from Sigma Aldrich. 

Synthesis of Ligand [HL
N3O

] 

To a stirred mixture of 4,5-bis(2-methoxyethoxy)benzene-1,2-diamine in dry methanol, 1 

equivalent of pyridinecarboxaldehyde dissolved in dry methanol was added drop wisely over  30 

minutes at 0 
◦
C. The solution was stirred for four hours at 0 

◦
C and for 15 min at room 

temperature under inert atmosphere. Then 1 equivalent of 3,5-di-tert-butyl-2-

hydroxybenzaldehyde dissolved in dry methanol was added drop wise and was refluxed for  18 h 

under inert atmosphere (Scheme 4.2).  

 

Scheme 4.2. Synthetic route of ligand [HL
N3O

]. 

The solvent was removed by rotary evaporation and the resulting brown oily product was 

purified using column chromatography with silica as stationary phase and a hexane: ethyl acetate 

(1:1) solvent mixture. Yield: 38 %. ESI (m/z
+
) in CH2Cl2 = 562.31 for [C33H43N3O5+H

+
]. 

1
H 

NMR, ppm (CDCl3, 400 MHz): 1.06-1.48 (m, 18H
tBu

), 3.47 (s, 6H
OCH3

), 3.77-3.82 (m, 4H
OCH2

), 
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4.14-4.31 (m, 4H
OCH2

), 6.96 (s, 1H
ph

), 7.09 (s, 1H
ph

), 7.28 (d, 1H
ph

), 7.49(m, 2H
py

), 7.89 (td, 

1H
py

), 8.26 (d, 1H
ph

), 8.47 (s, 1H
CH

),  8.62 (dd, 1H
py

), 8.66 (s, 1H
CH

). IR (KBr, cm
-1

): 3245 (νO-

H), 2871-2954 (νC-H), 1642 (νC=C, aromatic), 1509 (νC=C, aromatic), 1600 (νC=N), 1258 (νC-O-C), 

1124 (νC-O-C). 

Synthesis of Ligand [H3L
N3O2

] 

Synthesis of 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) salophen precursor was carried 

out as previously described.
4
 The salophen precursor was reduced in the presence of excess 

sodium borohydride in dichloromethane/methanol (1:1) mixture at 0 
◦
C. The resulting yellow 

solution was concentrated and extracted with a dichloromethane and water mixture. The organic 

layer was collected and dried over anhydrous NaSO4 and the remaining solvent was removed 

under vacuum. The resulting reduced salophen precursor was dissolved in dichloromethane and 

added to a mixture of picolyl chloride and triethyl amine dissolved in a 1:1 

dicloromethane:ethanol mixture and was refluxed for 48 h (Scheme 4.3).  

 

Scheme 4.3. Synthetic route of ligand [H3L
N3O2

]. 

The solvent was removed by rotary evaporation and the resulting brown oily product was 

purified using a silica column with hexane:ethyl acetate (1:1) solvent mixture. Yield: 25 %. ESI 

(m/z
+
) in CH2Cl2 = 784.5 for [C48H69N3O6+H

+
]. 

1
H NMR, ppm (CDCl3, 400 MHz):  1.08-1.48 

(m, 36H
tBu

), 3.44 (s, 3H
OCH3

), 3.48 (s, 3H
OCH3

), 3.74-3.83 (m, 4H
OCH2

), 4.15-4.31 (m, 4H
 OCH2

), 
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4.40 (s, 2H
CH2

), 4.74 (s, 2H
CH

), 6.58 (s, 1H
ph

), 6.94 (d, 1H
ph

), 7.11 (d, 1H
ph

), 7.21 (d, 1H
ph

), 7.32 

(s, 1H
ph

), 7.49 (2, 2H
py

), 8.08 (t, 1H
py

), 8.26 (d, 1H
py

),  8.36 (d, 1H
ph

), 8.48 (s, 1H
CH

). IR (KBr, 

cm
-1

): 3245 (νO-H), 2874-2956 (νC-H), 1737 (νC=C, aromatic), 1516 (νC=C, aromatic), 1255 (νC-O-C), 

1126 (νC-O-C).  

Synthesis of Ligand [H2L
N2O2

] 

Synthesis of 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) salophen ligand [H2L
N2O2

] was 

carried out as previously described.
131

 

4.2.2. Syntheses of Iron(III) Complexes 

Synthesis of Complex [Fe
III

L
N3O

] (1) 

The complex [Fe
III

L
N3O

] was synthesized by treating a methanolic solution of [HL
N3O

] 

(0.08 g : 0.14 mmol) and NaOCH3 (0.008 g : 0.15 mmol) with FeCl3.6H2O under refluxing 

conditions for 5 hours. A dark green precipitate was obtained from slow evaporation. Yield: 78 

%. ESI (m/z+) in CH3OH = 647.2651 (100 %) for [C33H42N3O6Fe]
2+

 (calculated = 647.2658) in 

agreement with -1.1 ppm difference. Anal. Calc. for [C34H45FeN3O6]: C, 61.95; H, 7.13; N, 6.19 

% Found: C, 61.57; H, 6.85; N, 5.97 %. IR (KBr, cm
-1

) 2872-2957(νC-H), 1638 (νC=C, aromatic), 

1502(νC=C, aromatic), 1589 (νC=N), 1255 (νC-O-C), 1126 (νC-O-C).  

Synthesis of Complex [Fe
III

L
N3O2

] (2) 

The complex [Fe
III

L
N3O2

] was synthesized by treating a 3:1 methanol:dichloromethane 

solution of [H2L
N3O2

] (0.08 g : 0.1 mmol) and NaOCH3 (0.01 g : 0.2 mmol) with FeCl3.6H2O 

under refluxing conditions for 5 hours. A dark green precipitate was obtained from slow 

evaporation. Yield: 65 %.  ESI (m/z+) in CH3OH = 835.4245 (100 %) for [C48H65N3O6Fe]
+
 

(calculated = 835.4223) in agreement with 2.6 ppm difference. Anal. Calc. for 
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[C48H65ClFeN3O6]: C, 66.16; H, 7.52; N, 4.82 %. Found: C, 66.39; H, 8.07; N, 3.69 %. IR (KBr, 

cm
-1

) 2871-2956(νC-H), 1713 (νC=C, aromatic), 1508 (νC=C, aromatic), 1607 (νC=N), 1271 (νC-O-C), 

1127 (νC-O-C).  

Synthesis of Complexes [(Fe
III

L
N3O2

)SCN] (3) and [(Fe
III

L
N3O2

)I] (4) 

The complex [(Fe
III

L
N2O2

)Cl] was synthesized as previously reported.
131

 This complex 

(0.09 g: 0.11 mmol) was then dissolved in 20 mL of a 1:1 dichloromethane:methanol solvent 

mixture and treated with AgPF6 (0.03 g: 0.11 mmol) while stirring for 1 h at room temperature. 

The mixture was then treated with excess of KSCN dissolved in methanol to obtain complex 3, 

and with KI dissolved in methanol to obtain complex 4 and was refluxed for 3 h. Dark brown 

crystals were obtained for complex 3 from slow evaporation. Yield: 97 %. ESI (m/z+) in CH3OH 

= 742.3765 for [C42H58N2O6Fe]
+
. Anal. Calc. for [C43H58FeN3O6S]: C, 64.49; H, 7.30; N, 5.25 

%. Found: C, 64.62; H, 7.49; N, 5.27 %. IR (KBr, cm
-1

) 2870-2955 (νC-H), 2040 (νC≡N), 

1603(νC=N), 1506(νC=C, aromatic), 1252(νC-O-C), 1130(νC-O-C). Slow evaporation of the filtered 

solution resulted dark brown crystals for complex 4 as well. Yield: 78 %. ESI (m/z+) in CH3OH 

= 742.37 for [C42H58N2O6Fe]
+
. Anal. Calc. for [C42H58FeN2O6.2CH3OH.I]: C, 56.60; H, 7.12; N, 

3.00 %. Found: C, 57.59; H, 6.60; N, 3.18 %. IR (KBr, cm
-1

) 2869-2953(νC-H), 1604 (νC=N, 

aromatic), 1507 (νC=C, aromatic), 1251 (νC-O-C), 1120 (νC-O-C).  

4.2.3. X-Ray Crystal Structure Analysis 

Single crystals of complex 4 were grown by slow evaporation of the reaction mixture. A 

suitable crystal was selected and mounted with a mitogen loop on a Bruker APEX-II CCD 

diffractometer. The crystal was kept at 100.1 K during data collection. Using Olex2,
134

 the 

structure was solved with the ShelXT
135

 structure solution program using Direct Methods and 

refined with the XL
136

 refinement package using Least Squares minimization. A total of 13458 
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reflections were measured (2.608° ≤ 2Θ ≤ 59.406°), and 13400 unique reflections (Rint = 0.0000, 

Rsigma = 0.0448) were used in all calculations. The final R1 was 0.0583 (I > 2σ(I)) and wR2 was 

0.1730 (all data). A total of three constrains were used during structural refinement and hydrogen 

atoms were placed in calculated positions. There are two complex molecules with an -iodo anion 

in the asymmetric unit. Selected crystallographic data is shown in Table 4.1. 

 (4) 

Formula C90Fe2I2N6O16 

M 1917.49 

Temperature/K 100.1 

Crystal system Triclinic 

Space group P¯1 

a/Å 10.5201 (6) 

b/Å 14.6729 (9) 

c/Å 16.2372 (10) 

α/° 74.617 (3) 

β/° 86.136 (3) 

γ/° 89.786 (3) 

Volume/Å
3
 2410.8 (3) 

Z 1 

Dcalc / g cm
-3

 1.321 

μ/ mm
-1

 1.004 

R(F)
 
(%) 5.83 

Rw(F) (%) 16.3 

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. Selected X-ray crystal data for complex 4. 
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4.2.4. Electrochemical Analysis 

 The cyclic voltamograms for the complexes 1, 2, 3, and 4 were recorded in 1 × 10
-3

 M 

dichloromethane solutions. Tetrabutylammonium hexafluorophosphate (TBAPF6) was used as 

the supporting electrolyte and ferrocene was added to the solution as an internal redox 

standard.
137

 Potential values were recorded with reference to the experimental Fc/Fc
+
 value. 

4.3. Results and Discussion 

4.3.1. Synthesis and Characterization of Iron(III) Complexes 

The ligand oxidation from amine to imine during metallation to form complex 2 was 

observed wth the appearence of new band in IR sepcta at 1607 cm
-1

 belonging to C=N vibration. 

This ligand oxidation has been observed for similar Fe and Co complexes.
132,138

 The presence of 

a band belonging to C≡N vibration at 2040 cm
-1

 in complex 3 confirms the presence of SCN
-
 in 

the complex. All the complexes showed prominent bands ~2870-2950 cm
-1

 belonging to 

symmetric and asymmetric C-H vibrations. 

4.3.2. Molecular Structure 

The structure of complex 4 was confirmed by crystal structure analysis as shown in 

Figure 4.1. The crystal structure reveals that complex 4 is six-coordinated with two methanol 

units as the axial ligands and one iodide as a counter anion. The N and O atoms in the ligand 

framework were trans to each other with Fe-O and Fe-N average bond lengths being 1.874 Å and 

2.091 Å respectively. These distances are in agreement with literature reported salophen-based 

iron(III) complexes.
139
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Figure 4.1. The ORTEP representation of complex 4 with two CH3OH units as the axial ligands 

at 50% probability. Hydrogen atoms are omitted for clarity. 

 

4.3.3. Electronic Spectral Properties 

The UV-Visible spectra of the complexes 1, 2, 3, and 4 were recorded in 1 × 10
-5

 M 

dichloromethane solutions as shown in Figure 4.2. The UV-visible spectrum of complex 1 

showed intense absorption bands in the 250-700 nm region. The absorption band at ~ 340 nm 

region with ε ranging from ~9,000-24,000 L mol
-1

 cm
-1

 is due to ligand-to-metal charge transfer 

(LMCT) originating from the phenolate based pπ orbitals to dσ* orbital of the iron(III) center. In 

this spectrum the region between ~400-700 nm consisted of intraligand charge transfer (ILCT) 

and LMCT transitions occurring from phenolate oxygen  pπ orbital to dπ* of the metal center.
140
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Figure 4.2. UV-visible spectra of (a) complex 1, (b) complex 2, (c) complex 3, and (d) complex 

4 in 1.0×10
-5

 mol L
-1

 dichloromethane solution. 

The UV-visible spectra for complexes 2, 3, and 4 showed similar absorption peak 

patterns with absorption bands in the 250-700 nm regions. Complex 2 showed absorption bands 

at 308, 340, 400, 450 nm with ε ranging from ~63,00-20,000 L mol
-1

 cm
-1

, complex 3 showed 

absorption bands at 310, 350, 400, 455 nm with ε ranging from ~19,000-35,500 L mol
-1

 cm
-1

, 

and complex 4 showed absorption bands at 308, 355, 400, and 455 nm with ε ranging from 

~12,550-28,600 L mol
-1

 cm
-1

. The bands ~300-400 nm are due to LMCT transitions originating 

from phenolate pπ orbitals to metal dσ* and dπ* orbitals. These assignments correlate well with 

similar Schiff-base iron(III) complexes reported in literature.
141

 The other bands are due to 

intraligand π→π* transitions observed for similar species.
142
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4.3.4. Electrochemical Properties 

All the complexes show both metal-centered reduction processes and ligand-centered 

oxidation processes as shown in Figure 4.3.  

 

Figure 4.3. Cyclic voltammograms of complexes 1, 2, 3, and 4 in 1.0 × 10
-3

 mol L
-1

 

dichloromethane solution. 

The complexes showed quasi-reversible single electron reduction process at -0.477 V 

(ΔEp= 0.077 V, |Ipa/Ipc| = 1.5), -1.052 V (ΔEp= 0.074 V, |Ipa/Ipc| = 0.40), -0.86 V (ΔEp= 0.10 V, 

 (1)

 (2)

 (3)

1000 500 0 -500 -1000

 (4)

Potential vs. Ferrocene (mV)
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|Ipa/Ipc| = 1.43), and -0.83 V (ΔEp= 0.11 V, |Ipa/Ipc| = 1.56) for complexes 1, 2, 3, and 4 

respectively which can be assigned to the Fe
III

/Fe
II
 reduction process. According to 

literature
132,143

 Fe
III

/Fe
II
 redox couples for [N2O3] environments with electron donating t-butyl 

phenolate moiety are observed at ~-1.5 V. Nonetheless, the Fe complexes discussed here with 

[N3O], [N3O2], and [N2O2] show lower potential values because of the lower electron density 

around the metal by removal of one phenolate arm will make the metal easier to be reduce. Thus, 

complex 1 with the [N3O] environment showed the lowest reduction potential compared to other 

complexes. One ligand based quasi-reversible and one irreversible oxidation processes were 

observed at 0.485 V (ΔEp= 0.055 V, |Ipa/Ipc| = 13.8) and Epa = 0.795 V for complex 1, 0.629 V 

(ΔEp= 0.084 V, |Ipa/Ipc| = 2.15) and Epa = 1.14 V for complex 2 respectively. Complex 3 showed 

three irreversible oxidation processes with Epa values of 0.75, 0.88, and 0.98 V, and complex 4 

showed one irreversible oxidation process with Epa value of 0.35 V and one quasi-reversible 

process at 0.83 (ΔEp= 0.16 V, |Ipa/Ipc| = 0.77). These oxidations can be assigned to the 

phenelenediamine oxidation and phenolate/phenoxyl redox processes, respectively.
4,144

 

4.3.5. Isothermal Compression Data 

The amphiphilic properties of the complexes were assessed using isothermal compression 

data and Brewster angle microscopy (BAM) images at 23
◦
C. For complexes 1, 3, and 4, 

molecules start to interact with each other at ~ 62 Å
2
 molecule

-1 
while complex 2 showed a 

higher area of interaction of 75 Å
2
 molecule

-1
, because complex 2 is bulkier with respective to 

other complexes. Further compression resulted in a homogeneous film between 5-46 mN/m with 

a critical area of 55 and 68 Å
2
 molecule

-1
 for complex 1 and 2 and between 5-35 mN/m with a 

critical area of 60 Å
2
 molecule

-1
 for complexes 3 and 4. The isotherms did not show any phase 

transitions and the films were collapsed at ca. 46 Å
2
 molecule

-1
 for complex 1 and 2 and at ca. 35 



70 
 

 
 

Å
2
 molecule

-1
 for complex 3 and 4 respectively (Figure 4.4). These complexes showed a 

constant pressure collapse following the Ries mechanism
145

 as observed by other 

metallosurfactants.
131,132,146

 

 

Figure 4.4. Isothermal compression data for complexes 1, 2, 3, and 4. 

The BAM images showed a smooth film formation at the air/water interface and the 

collapse was observed as an array of Newton rings for complexes 1 and 2. However, the lack of 

visible Newton rings made the collapse less perceptible from the BAM images for complexes 3 

and 4 (Figure 4.5). 
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Figure 4.5. Brewster angle micrographs for complexes 1, 2, 3, and 4. 

4.3.6. Surface Characterization Using Atomic Force Microscopy (AFM) 

The surface topology of LB monolayer films deposited on mica substrates at different 

surface pressures was analyzed using AFM technique to optimize the deposition pressure that 

provides a homogeneous surface coverage which is critical in device fabrication. Complexes 1, 

2, and 3 were used for further surface analysis since these complexes showed well defined redox 

processes. The monolayers were deposited at 18, 24, 30, 36, 42 mN/m for complex 1, at 10, 20, 

27, 33, 40 mN/m for complex 2, and at 8, 15, 25, 30, 35 mN/m for complex 3 with a transfer 

ratio close to unity as indicative of near complete transfer onto the surface (Figure 4.6). Films 

deposited at lower surface pressures such as 18, 10, and 8 mN/m for complexes 1, 2, and 3 

respectively, showed higher frequency of pinholes as shown in Figure 4.6a, f, and k. 

Monolayers deposited at moderate surface pressures of 30-36, 20-27, and 25-30 mN/m for the 

respective complexes 1, 2, and 3, showed a homogeneous film formation with fewer defects. The 

films deposited at higher surface pressures resulted in rough films with aggregates due to 

formation of multilayers at the pressures closer to collapse. 

5-43 mN/m

Collapse 45mN/m 45 mN/m

(1) (2) (3) (4)

Collapse

5-43 mN/m 5-38 mN/m 5-38 mN/m
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Figure 4.6. AFM images of monolayer films deposited on mica substrates at different surface 

pressures for complexes 1 (a)-(e), 2 (f)-(j), and complex 3 (k)-(o). The scan size was 5 μm and 

the Z range was 10 nm unless mentioned.  
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4.3.7. Langmuir-Blodgett Film Characterization using IRRAS Spectroscopy  

Infrared reflection absorption spectra (IRRAS) of LB multilayer films on glass substrates 

were recorded to evaluate the retention of the molecular composition after their deposition onto 

solid substrates. During the experiment, 50 layer depositions with transfer ratio close to unity as 

indicative of near complete transfer onto the surface were carried out using the Y-type dipping 

method.
147

 The IRRAS spectra were recorded using s-polarized light at an angle of incidence 30° 

for complex 1 and 3, and at an angle of 40° for complex 2 as shown in Figure 4.7. Symmetric 

and asymmetric C-H stretching vibrations of CH2 and CH3 groups were observed ~3000-2800 

cm
-1

 and  prominent bands ~1600-1300 cm
-1

 were observed due to C=C aromatic stretching and 

CH2/CH3 deformation vibrations for all three complexes. Due to the molecular ordering of the 

LB film, the prominent bands of the IRRAS spectra showed a slight shift of band positioning 

compared to its bulk IR spectra along with presence of both upward and downward bands.
132,148

 

All these factors suggest that the complex has formed an ordered film during the LB film 

deposition and it remained intact after film deposition. However, for complex 3, the 

characteristic band for C≡N stretching at 2040 cm
-1

 observed for bulk IR spectrum was not 

observed in IRRAS spectrum. Similar observations have been obtained for N3
-
 and SCN

- 

containing complexes with long alkyl chains where the absent C≡N and N≡N vibration bands 

reappeared in the IR spectrum obtained by the grounded LB films.
149

 This limitation is due to the 

orientation of the molecule during film deposition that resulting the thiocyanato group to be 

shielded. Further mass analysis was performed on the LB film to confirm the presence of 

thiocyanato group after film deposition (vide infra). 
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Figure 4.7. Full IRRA spectra (a), (c), (e) and the region between 1300-2200 cm
-1

 (b), (d), (f) for 

complexes 1, 2, and 3 in comparison with their bulk IR spectra. 
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4.3.8. Langmuir-Blodgett Film Characterization using MAIV Mass Analysis  

The presence of SCN
-
 of complex 3 after the film deposition was analyzed by matrix 

assisted ionization vacuum (MAIV) mass spectrometry
150

 in collaboration with Prof. Trimpin. 

The LB monolayer of complex 3 was directly introduced to the mass spectrometer using 50 mg 

of 3-nitrobenzonitrole (3-NBN) matrix in 50 μl of 3:1 acetonitrile:water mixture. The results 

obtained for the LB monolayer was compared with the results obtained for the bulk sample under 

similar conditions. The mass spectrum obtained for the monolayer clearly showed the molecular 

ion peak at (m/z) 800.32 belonging to [C42H58N2O6FeSCN]
+
, which indicated the retention of 

axial substituent after the film deposition (Figure 4.8). 

 

Figure 4.8. The MAIV mass analysis for LB monolayer of complex 3. 
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4.3.9. Current Rectification Ability 

The current rectification ability of these complexes was investigated by converting the 

molecular redox potentials obtained from cyclic voltammetry into comparable solid-state 

potentials using equations 1 and 2.
151

 

 Va = 4.7 eV + E1/2
red 

(SCE)                                                      (1) 

Vi = 4.7 eV + (1.7) E1/2
ox 

(SCE)                     (2) 

The values Va and Vi are very close to the respective first electron affinity and first ionization 

energy levels of the molecule supported on the electrodes, and they correlate to the first metal-

centered singly occupied molecular orbital (SOMO) and first ligand-centered highest occupied 

molecular orbital (HOMO). The E1/2
ox

 and E1/2
red 

are the half-wave first oxidation and first 

reduction potentials versus standard calomel electrode (SCE). The calculated SOMO energies 

were -4.70, -4.11, -4.22, -4.26 eV for complexes 1, 2, 3, and 4, respectively, and HOMO energies 

were -6.33, -6.56, -6.50, -5.90 eV. According to the calculations, the SOMO energy of complex 

1 lies 0.4 eV above the gold Fermi energy level where as SOMO energies of complex 2, 3, and 4 

lie ~0.8 eV above the gold Fermi energy level. The comparison of the frontier molecular orbital 

energies with the Fermi levels of the gold electrode is shown in Figure 4.9. Previous findings 

have shown that energetically favorable SOMO energies with 1.0 eV difference to gold Fermi 

energy can transfer electrons without any involvement of HOMO energy, following an 

asymmetric mechanism.
131

 Since the energy difference between SOMO energies and gold Fermi 

energies are less than 1.0 eV for complexes 1, 2, 3, and 4, SOMO can be involved in electron 

transfer facilitating asymmetric electron transfer.   
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Figure 4.9. Comparison of metal frontier orbital energy levels with the gold electrode Fermi 

energy levels for complexes 1, 2, 3, and 4. 

The calculated HOMO energies of complexes 1, 2, and 3 are situated ~1.4 eV below the 

gold Fermi energy level making it energetically unavailable for electron transfer. However, the 

HOMO of complex 4 lies 0.8 eV below the gold Fermi level making it more energetically 

accessible compared to other complexes. Therefore, the energetically accessible HOMO of 

complex 4 can also be involved in electron transfer following a unimolecular pathway. 

Therefore, these molecular designs can be used to develop Au|molecule|Au assemblies to obtain 

current-voltage measurements which will be done in collaboration with a new graduate student 

in the group.   

4.4. Conclusion 

In conclusion, four iron(III) complexes with [N3O], [N2O2], and [N3O2] coordination 

environments were successfully synthesized as precursors for molecular rectification. All 

complexes showed amphiphilic and homogeneous film formation ability with collapse pressures 



78 
 

 
 

of ~46 mN/m for complexes 1, 2 and ~35 mN/m for complexes 3, 4. Theoretical calculations 

performed using molecular redox potentials suggested that SOMO energies of all four complexes 

are energetically comparable with gold Fermi energy with energy differences of 0.4 eV for 

complex 1 and 0.8 eV for complexes 2, 3, and 4. Therefore, all these complexes can be used as 

potential candidates in molecular current rectification to facilitate unidirectional electron transfer 

following an asymmetric rectification mechanism. Similarly, lower energy difference between 

HOMO and gold Fermi level of complex 4, could direct it towards a unimolecular current 

rectification. 
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CHAPTER 5 THE USE OF LANGMUIR-BLODGETT METALLOSURFACTANT 

FILMS AS SURFACE COATINGS FOR CORROSION MITIGATION 

5.1. Introduction 

Nicknamed the “billion dollar thief” since the 1930’s, corrosion has long attracted 

considerable attention given the serious financial drain from prevention efforts.
152

 Corrosion 

prevention often employs a protective coating, which acts as a barrier between the metal surface 

and corrosive media.  An ideal coating system should have three layers that impede metallic 

contact with water and other electrolytes.
153

 They are surface pretreatment, primer, and top coat. 

The surface pretreatment coat provides a thin oxide or phosphate layer that affords a smooth 

surface for the other coatings. The primer is a multilayer coating that provides the bulk of 

corrosion protection. The top coat allows for color selection and acts as a barrier to radiation and 

moisture.
154

 The development of protective coatings able to mitigate corrosion remains a 

formidable challenge and current topic in research. 

In this regard, homogeneous metallosurfactant films can be employed as barriers to water 

and electron transfer, involved in the corrosion mechanism. In our research towards designing 

and understanding new molecular diodes, we have observed that electronic configuration plays a 

major role in determining the rectification or insulating behavior of metallosurfactants.
155

 

Therefore, we expect that careful choice of metal and ligand in coating systems will lead to 

minimize the corrosion rate. In this chapter we describe the use of Langmuir-Blodgett (LB) films 

of metallosurfactants in corrosion mitigation of 99.5 % iron plates. These plates serve as modules 

for carbon steel corrosion, as their iron contents allow for an accelerated inspection of the 

corrosion process. The LB films can provide superior uniform coverage with minute amounts of 

material, and their thickness can be readily modulated by varying the number of layers.
155b 

Herein we hypothesize that 99.5 % iron plates can be functionalized with amphiphilic metal-
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salophen complexes using the LB technique to enhance electron passivation. Thus, we expect 

that multilayers of LB films can be used in corrosion mitigation. To address this hypothesis we 

have designed and synthesized a series of redox-active amphiphilic [Fe
III

(L
N2O2

)Cl] (1), and 

[Cu
II
L

N2O2
] (2), and [Zn

II
(L

N2O2
)H2O/MeOH] (3) complexes as shown in Scheme 5.1. 

 

  

 

 

 

 

Scheme 5.1. [Fe
III

(L
N2O2

)Cl] (1), [Cu
II
L

N2O2
] (2), and [Zn

II
(L

N2O2
)H2O/MeOH] (3) 

metallosurfactants.  

5.2. Experimental Section 

5.2.1. Synthesis of the Ligand [H2L
N2O2

] 

The synthetic procedure of the ligand [H2L
N2O2

], 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), has been reported elsewhere.
155a

  

5.2.2. Synthesis of Metal Complexes 

Synthesis of Complexes [Fe
III

(L
N2O2

)Cl] (1) and [Cu
II

L
N2O2

] (2) 

Synthesis of complexes 1 and 2 were carried out according to previously published 

procedures.
155a

 

Synthesis of Complex [Zn
II

(L
N2O2

)H2O/MeOH] (3) 

Complex 3 was synthesized by treating a methanolic solution of [H2L
N2O2

] (0.1 g, 0.145 

mmol) and NaOCH3 (0.016 g, 0.3 mmol) with zinc chloride under refluxing conditions. Orange 
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needle-like crystals were isolated for [Zn
II

(L
N2O2

) H2O/MeOH] (3) from 

methanol:dichloromethane (3:1) solution. Yield: 80 %.  HD-ESI (m/z
+
) in CH3OH = 751.3667 

(100 %) for [C42H58N2O6Zn+H
+
] (calculated = 751.3665) in agreement with 0.3 ppm difference. 

Anal. Calc. for [C42H58ZnN2O6•0.5H2O•0.5CH3OH]: C, 65.67; H, 7.91; N, 3.60 %. Found: C, 

65.51; H, 7.84; N, 3.81 %. IR (KBr, cm
-1

) 2869-2953(νC-H), 1610 (νC=C, aromatic), 1503 (νC=C, 

aromatic) 1589 (νC=N), 1265 (νC-O-C), 1132 (νC-O-C). 

5.2.3. Molecular Structure Analysis 

Orange color X-ray quality single crystals of complex 3 were obtained by the slow 

evaporation of the complex dissolved in a 1:1 dichloromethane:methanol solvent mixture. A 

suitable crystal was selected and mounted on a mitogen loop, and diffraction data were collected 

on a Bruker X8 SMART APEX II CCD diffractometer using a monochromatic graphite- Mo Kα 

radiation source (0.7107 Å) and SMART/SAINT52 software. The crystal was kept at 100.1 K 

during data collection and a total of 64892 reflections were collected, with 14123 unique 

reflections. Using the Olex2 structure solution suite,
156

 the structure was solved with the ShelXS 

structure solution program using Direct Methods, and refined with the XL refinement package 

using Least Squares minimization.
157

 Hydrogen atoms were placed in calculated positions. 

Selected crystallographic data is shown in Table 5.1. 
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 (3) 

Formula C43H62N2O7Zn·C42H60N2O7Zn·2(CH4O) 

M 1618.69 

Temperature/K 100.1 

Crystal system Triclinic 

Space group P¯1 

a/Å 14.3039 (16) 

b/Å 17.603 (2) 

c/Å 20.104 (2) 

α/° 64.648 (6) 

β/° 74.715 (7) 

γ/° 86.046 (7) 

Volume/Å
3
 4407.0 (9) 

Z 2 

Dcalc / g cm
-3

 1.220 

μ/ mm
-1

 0.610 

R(F)
 
(%) 8.90 

Rw(F) (%) 22.8 

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 5.1. Selected X-ray crystal data for complex 3. 

5.3. Results and Discussion 

5.3.1. Synthesis and Characterization of Complex 3 

The FTIR spectra showed symmetric and asymmetric C-H vibrations around 2869-2953 

cm
-1

 and shoulder peak ~1589 cm
-1

 belonging to C=N stretching vibrations. The high resolution 

ESI-mass spectrometry data showed peak clusters for [M - H2O/MeOH + H
+
] at m/z = 751.3667 
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(Figure 5.1), and CHN elemental analysis showed a good correlation with experimental and 

theoretical values. 

 

Figure 5.1. Experimental (bars) and simulated (line) isotopic distribution for the molecular ions 

of [M-H2O+H
+
]

+ 
for complex 3. 

5.3.2. Molecular Structure 

The structure of complexes 2 and 3 were confirmed via crystal structure analysis. 

Complex 2 showed a square-planar geometry while complex 3 showed a square-pyramidal 

geometry. Complex 3 showed two independent penta-coordinated complexes with one CH3OH 

and H2O in the axial positions respectively, and two methanol solvent molecules in the 

asymmetric unit with a tau (τ) value of 0.13, which is consistent with a square pyramidal 

geometry.
158

 The Cu–O, Cu–N, and Zn–O, Zn–N bond lengths are consistent with reported 

literature values.
159
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Figure 5.2. The ORTEP representation of (a) complex 2 and (b) complex 3 with CH3OH as the 

axial ligand at 50% probability. Hydrogen atoms omitted for clarity. 

5.3.3. Electronic Spectral Properties 

The UV-visible spectra of [H2L
N2O2

] and the metal complexes 1 and 2 were reported 

previously.
155a

 The spectral properties for complex 2 are discussed in Chapter 3, Figure 3.2b. 

The UV-visible spectrum of complex 2 showed high intensity absorption bands at 250-500 nm 

region originating due to intraligand π→π* charge transitions (ILCT) and low intensity band at 

550 nm due to d-d transitions.
155a

 The UV-visible spectrum of 3 was measured in a 1.0 × 10
-5

 

mol L
-1 

dichloromethane solution. The observed UV-visible spectrum for complexes 3 (Figure 

5.3) showed intense absorption from 265-495 nm with ε ranging from 8,000-22,500 L mol
-1 

cm
-1

, 

with a shoulder peak at 476 nm with ε of 7,500 L mol
-1 

cm
-1 

originating due to intraligand π→π* 

charge transfer.
158,160

  

(a) (b)
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Figure 5.3. The UV-visible spectrum of complex 3 in 1.0 × 10
-5

 mol L
-1

 dichloromethane 

solution. 

5.3.4. Electrochemical Properties 

The cyclic voltammograms of complexes 1, 2, and 3 were recorded in 1.0 × 10
-3

 mol L
-1 

dichloromethane solution using TBAPF6 as the supporting electrolyte. All potential values were 

recorded versus the Fc/Fc
+
 couple.

161
 The cyclic voltammograms for complexes 1 and 2 were 

reported previously.
155a

 Complexes 1 and 2 showed first ligand oxidation processes at 0.64 V and 

0.40 V as well as metal reduction processes at -1.02 V and -1.85 V, respectively. On the other 

hand, as expected for a zinc species, complex 3 showed only ligand-based oxidation processes at 

0.224 V (ΔEp= 0.78 V, |Ipa/Ipc| = 0.9) and 0.557 V (ΔEp= 0.16 V, |Ipa/Ipc| = 1.2) as shown in 

Figure 5.4. The first oxidation is attributed to the formation of a delocalized diiminobenzene π-

radical species,
155a,159 

while the second oxidation process can be assigned as phenolate/ phenoxyl 

radical oxidation process.
155a,159,162
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Figure 5.4. Cyclic voltammogram of 1.0 × 10
-3

 mol L
-1

 solutions of complex 3. 

5.3.5. Isothermal Compression Data 

The amphiphilic properties of the complexes were assessed using isothermal compression 

data and Brewster angle microscopy (BAM) images at 23
◦
C. All the complexes showed a high 

collapse pressure at ~30-45 mN/m
 
and the isothermal compression data obtained for the 

complexes 1 and 2 have been previously reported.
155a

 The isothermal compression graph for 

complex 3 is shown in Figure 5.5 along with BAM images.  

 

Figure 5.5. Compression isotherm data of complex 3 with selected BAM micrographs. 
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Complex 3 showed an interaction area of 61 Å
2 

molecule
-1

 and further compression 

formed a compact film at the air/water interface with a critical area of 57 Å
2 

molecule
-1

. Complex 

2, on the other hand, showed an interaction area of 50 Å
2 

molecule
-1

 and a critical area of 46 Å
2 

molecule
-1

. No phase transitions were apparent from isotherms obtained between average 

molecular area vs. surface pressure, and collapse pressures of ca. 34, 31 and 43 mN/m were 

respectively observed for complexes 1, 2, and 3.
155a

 All the complexes showed a constant 

pressure collapse,
163

 abiding by the Ries mechanism.
164

 The BAM images obtained during the 

LB experiment showed a homogenous film formation at the air/water interface with no defects 

until the appearance of arrays of Newton rings at the collapse of the Langmuir film.
165

  

5.3.6. Surface Characterization Using Atomic Force Microscopy (AFM) 

To analyze the surface topology of LB films of the complexes following deposition, 

AFM analysis was performed for the films deposited on mica substrates at different surface 

pressures. The deposition transfer ratios were close to unity as indicative of near complete 

transfer onto the surface and the y-type dipping method was used for all the depositions. The 

AFM images for complex 1 and 2 have been discussed elsewhere
155a

 for complex 3, monolayers 

were deposited at room temperature and surface pressures of 15, 20, 25, 30, 35, and 40 mN/m 

(Figure 5.6). According to the AFM images, complex 3 showed a random film deposition with 

defects at pressures lower than 15 mN/m, along with homogeneous films with fewer defects 

between 25–30 mN/m. Films deposited at surface pressures higher than 40 mN/m, appeared 

rougher with aggregate on the film surface, due to multilayer formation from molecular tumbling 

and film folding that takes place near collapse. 
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Figure 5.6. AFM images of monolayer films deposited on mica substrates at different surface 

pressures for complex 3 (a)-(f). Scan size of 5 μm for all images. Some dust particles observed as 

pink-colored dots. 

5.3.7. Langmuir-Blodgett Film Characterization  

Infrared reflection absorption spectra (IRRAS) were measured for 25- to 50-layer 

deposited glass substrates of the complexes 1, 2, and 3. The IRRAS data can be used to predict 

the composition and ordering of molecules following film deposition.
166 

The data were collected 

using p-polarized light at angles of incidence 30°, 40°, and 20° for complexes 1, 2, and 3 

respectively.
 
While the IRRAS spectra of 1 and 2 have been previously reported,

155a
 the IRRAS 

spectrum for 3 compared to the FTIR spectrum of the bulk sample in KBr is shown in Figure 

5.7. All the complexes showed a band ~3000-2800 cm
-1

 which belongs to the symmetric and 

asymmetric C-H stretching vibrations. In addition, the complexes showed prominent bands 

~1600-1300 cm
-1

 due to C=C aromatic stretching and CH2/CH3 deformation vibrations, as well 

as a band ~1585 cm
-1

 belonging to C=N stretching vibrations. Due to the molecular ordering of 

the LB film, its IRRAS spectrum showed both upward and downward bands.
167

 These results 

(a) 15 mN/m

1μm

(b) 20 mN/m

1μm

(c) 25 mN/m

1μm

(d) 30 mN/m

1μm

(e) 35 mN/m

1μm

(f) 40 mN/m

1μm
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support that the complexes have formed ordered films during the LB film deposition and 

remained intact after film deposition. However, determination of film orientation by analysis of 

CH2 stretching position shift and intensity is limited due of the dominant contributions given by 

fourteen multidirectional CH3 groups present in the complexes. 

 

Figure 5.7. IRRAS spectra of (a) complex 3 (b) C-H stretching region in comparison with KBr 

in bulk infrared spectra. 

An optical contact angle meter was used to evaluate the surface wettability of 1, 2, and 3 

on carbon steel plates. Upon LB film formation, the contact angle of the bare steel increased 

from 81
◦
 to 100

◦ 
(1), 95

◦
 (2), and 94

◦
 (3), confirming the LB films can enhance the hydrophobic 

nature of the surface and deflect water and moisture. 

5.3.8. Electron Passivation by Langmuir-Blodgett Films  

In order to investigate the electron passivation of the LB films of 1-3, cyclic voltammetry 

was performed in 1 mM K3[Fe(CN)6] and 0.1 M KCl aqueous solution at room temperature.
168

 A 

three-electrode system was used: gold plates coated with LB films were used as the working 

electrode, Ag/AgCl and a Pt wire were used as the reference and auxiliary electrodes 

respectively. The [Fe
III

(CN)6]
3-

/[Fe
II
(CN)6]

4-
 process obtained for the bare gold electrode was 

compared with the [Fe
III

(CN)6]
3-

/[Fe
II
(CN)6]

4- 
process obtained for LB film-coated gold 

electrodes. 
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Electron passivation increased with an increasing number of layers. Optimal passivation 

was observed for 11-layers deposited electrodes. As illustrated in Figure 5.8, between the three 

complexes, 1 and 3 showed better passivation for 11 layers compared to 2. Geometric differences 

between complexes 1 and 3 (square pyramidal) and complex 2 (square planar) can result in 

different packing during LB film formation, which could contribute to the passivation disparity. 

On the other hand, ligand showed higher current consumption for 11-layer deposited electrodes 

compared to complex coated electrodes, indicating the enhancement of passivation by metal 

(Figure 5.8d).  

 

Figure 5.8. Cyclic voltammograms obtained for the passivation of gold electrode using different 

number of LB films of complexes 1, 2, and 3 and the ligand. 

To assess prolonged stability in acidic medium, 11-layer deposited gold plates were 

immersed in 0.01 M sulfuric acid solution for five days. The cyclic voltammetry experiment was 
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repeated after this period. The cyclic voltammograms obtained for the immersed electrodes 

correlate well to the cyclic voltammograms obtained for the original electrodes (Figure 5.9). 

This indicates that there is no major degradation of the complex in acidic medium. However, the 

[Fe
III

(CN)6]
3-

/[Fe
II
(CN)6]

4-
 redox-process obtained for the immersed ligand-coated electrode 

displayed an increase in the observed current to 0.06 mA, suggesting that the ligand is likely 

being degraded in acidic media (Figure 5.9d).  

 

Figure 5.9. Cyclic voltammograms obtained for the passivation of 11-layer deposited gold 

electrodes of complexes 1, 2, 3, and the ligand before and after immersing in acid solution for 5 

days. 

5.3.9. Agar Analysis to Study the Corrosion Rate  

 Marine and acidic corrosion are particularly relevant to iron surfaces. The effect of 

coatings on the rate of iron corrosion was investigated by covering approximately one half of 

three iron plates (99.5 % purity; 8 x 25 mm) with respective metal complexes 1, 2, and 3 to 

600 400 200 0 -200 -400

-0.06

-0.03

0.00

0.03

0.06

Potential (mV) vs. Ag/AgCl

C
u

rr
e

n
t 

(m
A

)

 (2) - before dipping in acid

 (2) - after dipping in acid

600 400 200 0 -200 -400

-0.06

-0.03

0.00

0.03

0.06

Potential (mV) vs. Ag/AgCl

C
u

rr
e

n
t 

(m
A

)

 (3) - before dipping in acid

 (3) - after dipping in acid

600 400 200 0 -200 -400

-0.06

-0.03

0.00

0.03

0.06

Potential (mV) vs. Ag/AgCl

C
u

rr
e

n
t 

(m
A

)

 (1) - before dipping in acid

 (1) - after dipping in acid

(a) (b)

(c)

600 400 200 0 -200 -400

-0.06

-0.03

0.00

0.03

0.06

C
u

rr
e

n
t 

(m
A

)
 

Potential (mV) vs. Ag/AgCl

 Ligand-before dipping in acid

 Ligand-after dipping in acid

(d)



92 
 

 
 

provide qualitative information on corrosion rate. The complex-coated iron plates were 

immersed in agar gel containing 3% sodium chloride, 2% phenolphthalein, and 0.1 M K3Fe(CN)6 

solution. In this system, the NaCl-enriched agar gel provides an electrolytically conducting 

medium, thus mimicking a marine environment, while K3Fe(CN)6 and phenolphthalein act as 

chemical indicators for anodic and cathodic reactions respectively. The K3Fe(CN)6 can form a 

Prussian blue complex in the presence of Fe
2+

 ions, while phenolphthalein turns pink in presence 

of OH
-
 ions. The complex-coated carbon steel plates were immersed in this agar gel and 

observed over the course of seven days (Figure 5.10). No blue coloration was observed in the 

complex-coated region of the iron plate after seven days. This indicates that the complexes can 

decrease the rate of iron corrosion in saline medium. 

 

Figure 5.10. Images for saline corrosion using carbon steel plates coated with complexes 1, 2, 

and 3 (a)-(d) after one day and (e)-(h) after seven days.  

Similarly, acid corrosion was simulated using an agar medium containing 0.01 M H2SO4, 

2% phenolphthalein, and 0.1 M K3Fe(CN)6 solution. A faint pink coloration was observed in the 

cathodic region due to the acidic nature of the medium. However, as with saline corrosion, no 

blue coloration was observed in the coated region after seven days (Figure 5.11), thus indicating 
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a considerable corrosion rate reduction in acidic medium. It is expected that the corrosion rate to 

be increased for iron metal in presence of acidic or marine environment.
153

 

 

Figure 5.11. Images for acid corrosion using iron plates coated with complexes 1, 2, and 3 (a)-

(d) after one day and (e)-(h) after seven days.  

5.3.10. Surface Analysis of Corroded Samples  

Optical micrographs and scanning electron micrographs (SEM) were used to evaluate 

rust formation on the iron plates immersed in 0.01 M H2SO4 and 0.1 M NaCl solution for 5 days. 

Visible rust formation was observed only for acidic corrosion; iron plates were dissolved in 

saline corrosion. Images obtained for the samples before corrosion showed the rougher surface of 

the iron plate. Acid corrosion resulted in extensive rust formation on the blank carbon steel plates 

compared to the LB film-coated carbon steel plates, as shown in Figure 5.12. However, no clear 

differences in rust formation were observed between coated plates except agglomerate formation 

on 2- and 3-coated plates.  
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Figure 5.12. Optical micrograph images for blank and 11-layer LB film-coated carbon steel 

plates (a)-(d) before corrosion, and (e)-(h) after acid corrosion.  

Further surface analyses were performed using SEM images. Rougher surfaces on the 

carbon steel plates were observed in images obtained before corrosion (Figure 5.13a-d). 

Extensive rust formation was observed for the blank carbon steel plates compared to 11-layer 

deposited plates after acid corrosion (Figure 5.13e-h). A rougher surface was observed for the 

blank carbon steel plate compared to 11-layer deposited plate after saline corrosion since the 

plates were dissolving without any rust formation (Figure 5.13i-l).  

(a) Blank (c) (2) (d) (3)(b) (1) 

(e) Blank (g) (2) (h) (3)(f) (1)
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Figure 5.13. The SEM images for blank and 11-layer LB film-coated carbon steel plates (a)-(d) 

before corrosion, (e)-(h) after acidic corrosion, and (i)-(l) after saline corrosion. 

5.3.11. Weight Loss Measurements  

Weight loss measurements were calculated to compare the mean corrosion rate (r) and 

inhibition efficiency (IE %) of the 11-layer deposited iron plates of ligand and complexes 1, 2, 

and 3 with respect to the blank. The values of r and IE % were calculated based on equations 1 

and 2.
169

 

r = (m1 – m2) / S.t                                      (1) 

IE% = (r
◦
 - r) / r

◦
 × 100                             (2) 

(1) Where m1 and m2 are the mass of carbon steel plates before and after 

immersion in acid solution, respectively; S is the area immersed of the carbon 

steel plate; t is the immersion time.  

(2) Where r
◦
 and r are the mean corrosion rates of the samples in the respective 

absence and presence of the coated inhibitor. 
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The blank and LB film coated plates were immersed in 0.01 M sulfuric acid for 8 days 

and in 0.1 M sodium chloride solution for 5 days at room temperature. Then the specimens were 

removed from corrosive solutions, rinsed with ultrapure water, rust was removed by gentle 

abrasion using steel wool, dried, and weighed. The average weight loss was used to calculate the 

mean corrosion rate from three trials. In acidic medium, complex 3 demonstrated the highest 

corrosion mitigation efficiency of 30.4 % and lowest mean corrosion rate of 0.0518 mg cm
-2

 h
-1

. 

Complexes 1 and 2 showed respective acidic corrosion mitigation efficiencies of 26.6 % and 

19.2 % and mean corrosion rates of 0.0556 and 0.0610 mg cm
-2

 h
-1

. The average corrosion rate 

for the blank was 0.0752 mg cm
-2

 h
-1

. The ligand showed the lowest corrosion mitigation 

efficiency of 6.7 %. Complex 3 also exhibited the highest corrosion mitigation efficiency of 23.4 

% and lowest mean corrosion rate of 0.0355 mg cm
-2

 h
-1

 for saline corrosion. Complexes 1 and 2 

showed respective saline corrosion mitigation efficiencies of 16.5 % and 6.7 % and mean 

corrosion rates of 0.0385 and 0.0424 mg cm
-2

 h
-1

. These observations are in agreement with the 

results obtained for passivation analysis and suggest that the presence of a metal ion enhances 

the corrosion mitigation ability of the LB films. Furthermore, the presence of Zn(II) ion can 

provide the best corrosion mitigation ability since Zn is a redox-inert species. Therefore, LB 

films formed using complex 3 can function as a passive barrier to electron flow, which will result 

in the best mitigation for both acidic and saline corrosion.  

5.4. Conclusion 

In conclusion, iron plates can be functionalized using LB technique with salophen-based 

iron(III), copper(II), and nickel(II) metallosurfactants. Cyclic voltammetry experiments 

performed using 1- to 11-layer coated gold plates reveal that 11-layer LB films formed with 

these complexes can passivate electron transfer to the iron plate surface. Furthermore, the 
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complexes remain viable after prolonged immersion in acidic solution. Optical micrograph 

images, SEM images, and agar analyses confirm that coatings of all three complexes can 

decrease acidic and saline corrosion rates. Weight loss measurement studies show that 11-layer 

depositions of complex 3 demonstrate superior corrosion mitigation, with inhibition efficiencies 

up to 30% for acidic and 23% for saline solution.  
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CHAPTER 6 HETEROGENEOUS CATALYTIC ACTIVITY OF A NOVEL 

COBALT(III) TRIS-PHENOLATE COMPLEX TOWARDS WATER OXIDATION 

Portions of the text in this chapter were reprinted from: Gonawala, S.; Baydoun, H.; Verani, C. 

N. Chem. Commun. Submitted. 

6.1. Introduction 

The splitting of water into hydrogen and oxygen is an accepted alternative way to harvest 

renewable energy.
170

 The process requires multiple electron and proton transfers and is divided 

into water oxidation and proton reduction.
171

 Efficient water oxidation has been achieved with 

ruthenium- and iridium-based catalysts.
172

 However, the scarcity of these metals limits the 

transition from solution-based to heterogeneous catalysis expected to foster widespread 

application of water splitting technologies. In an effort to resolve this issue, recent research has 

focused on developing homogeneous catalysts based on Earth-abundant metals capable of 

driving water oxidation,
173-177

 and enabling the anchoring of such molecular species onto 

conductive substrates to obtain heterogeneous catalytic electrodes. The main functionalization 

methods rely either on chemisorption or physisorption. While the former relies on direct covalent 

bonding between the catalyst and the substrate,
178

 the latter relies exclusively on catalyst 

adsorption to the surface of the electrode.
179

 Physisorption is advantageous because it allows for 

the optimization of ultrathin and highly organized catalytic surfaces by means of ligand design.  

Our group has shown that phenolate-rich [Co
III

(L
N2O3

)H2O] systems are catalytic towards 

proton reduction,
180

 and this observation prompted us to consider water oxidation. Structurally 

related [Co
II
(N2O2)] complexes are known as molecular photocatalysts,

181
 and have been used as 

procatalysts for electrodeposited films capable of water oxidation.
182

 However, the water 

insolubility of our previously reported Co
III

/N2O3 species led us to think about alternative 

approaches. In this chapter, we describe a novel application of Langmuir-Blodgett (LB) films 
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using molecular procatalysts to attain heterogeneous water oxidation. Besides providing superior 

uniform coverage with minute amounts of material, the LB method provides direct control over 

the thickness of the deposited films by varying the number of layers.
183

 Over the years we have 

developed redox-active metallosurfactants aiming at molecular diodes,
183,184

 molecular 

displays,
185

 and other high-end applications.
186

  

Herein we hypothesize that conductive substrates can be functionalized with amphiphilic 

molecular procatalysts via the LB method to drive heterogeneous water oxidation. Furthermore, 

we also hypothesize that we can modify the activity of the final catalytic film by altering the 

number of deposited LB layers. Thus, the aim of this work is to report on a novel method for the 

preparation of catalytic films relying on minute amounts of a procatalyst and yielding high 

dioxygen production. To the best of our knowledge, this is the first application of LB films as 

water oxidation catalysts. Development of such methodology moves the field away from solution 

chemistry and towards heterogeneous systems that enable the up-scaling of such systems. We 

have designed a new redox-active, amphiphilic [Co
III

(L
N2O3

)H2O] complex shown in Scheme 

6.1.  

 

Scheme 6.1. The [Co
III

(L
N2O3

)H2O] metallosurfactant. 
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6.2. Experimental Section 

6.2.1. Synthesis of the Ligand [H2L
N2O3

] 

The ligand [H2L
N2O3

], (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 synthesized 

according to a previously published procedure.
183

  

6.2.2. Synthesis of the Cobalt(III) Complex [Co
III

(L
N2O3

)H2O] 

A methanol:dichloromethane 1:3 solution of [H2L
N2O3

] (1 equivalent) and anhydrous 

NaOCH3 (3 equivalent) in was treated with a methanolic solution of [Co
II
(H2O)6](ClO4)2 (1 

equivalent). The resulting solution was kept under mild reflux for 2 h after which a reddish 

brown precipitate was obtained via the slow evaporation of the parent solution. Yield: 85 % ESI 

(m/z
+
) in CH3OH = 965.5454 (100 %) for [C57H81N2O7Co+H

+
] Anal. Calc. for 

[C57H83CoN2O8.2H2O]: C, 67.17; H, 8.60; N, 2.75 % Found: C, 67.01; H, 8.48; N, 3.05 % IR 

(KBr, cm
-1

): 2869-2954 (νC-H), 1613 (νC=C, aromatic) 1592 (νC=N), 1510 (νC=C, aromatic), 1256 

(νC-O-C), 1128 (νC-O-C). 

6.3. Results and Discussion 

6.3.1. Synthesis and Characterization of Cobalt(III) Complex 

The complex [Co
III

(L
N2O3

)H2O] was characterized by ESI-mass spectrometry, elemental 

analysis, IR and UV-visible spectroscopic methods. The ESI-mass spectrometry data showed 

peak clusters for [M-H2O+H
+
]

+
 at m/z = 965.5468 and CHN elemental analysis showed good 

agreement between experimental and theoretical values. During the metallation, the ligand is 

oxidized from amine to imine and cobalt(II) is oxidized to cobalt(III). We have investigated this 

oxidation in detail for both Fe and Co complexes.
180,183,187
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6.3.2. Electronic Spectral Properties 

The electronic spectra of ligand and complex were measured in 1 × 10
-5

 M 

dichloromethane solutions. The spectrum obtained for the [Co
III

(L
N2O3

)H2O] complex showed 

charge transfer absorptions in the region of 300–800 nm as shown in Figure 6.1. The absorptions 

observed below 400 nm are associated with intra ligand charge transfer (ILCT) processes. The 

two ill-solved bands observed at 405 nm and 480 nm are due phenolate to azomethine intra-

ligand charge transfer and ligand to metal charge transfer originating from phenolate in-plane pπ 

to Co(III) dσ* respectively. Lower energy absorptions observed around 600-800 nm are 

associated with ligand to metal charge transfer (LMCT) transitions originating from out of-plane 

phenolate pπ to Co(III) dσ*.
180

 

 

Figure 6.1. UV-visible spectrum of [Co
III

(L
N2O3

)H2O] in 1.0×10
-5

 mol L
-1

 dichloromethane 

solution. 

6.3.3. Electrochemical Properties 

The cyclic voltammogram of [Co
III

(L
N2O3

)H2O] in dichloromethane reveals both ligand- 

and metal-based redox processes (Figure 6.2). Tetrabutylammonium hexafluorophosphate 
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(TBAPF6) was used as the supporting electrolyte and ferrocene was added to the solution as an 

internal redox standard.
188

 Potential values were recorded with reference to the experimental 

Fc/Fc
+
 value. A cathodic process at -0.62 VFc/Fc+ (ΔEp = 0.09 V, |Ipa/Ipc| = 1.4) is attributed to the 

Co
III

/Co
II
 redox couple,

180,189
  while three anodic processes at 0.18 VFc/Fc+ (ΔEp = 0.09 V, |Ipa/Ipc| 

= 0.7), 0.60 VFc/Fc+ (ΔEp = 0.10 V, |Ipa/Ipc| = 1.7), and 1.0 VFc/Fc+ respectively are attributed to 

successive phenolate/phenoxyl oxidation processes.
180,187a

 The first two processes are quasi-

reversible, and the third is ill-defined. 

 

 

 

 

 

 

 

 

Figure 6.2. Cyclic voltammogram of complex [Co
III

(L
N2O3

)H2O] in dichloromethane. 

6.3.4. Isothermal Compression Data 

The amphiphilic behavior of [Co
III

(L
N2O3

)H2O] was determined by isothermal 

compression and by Brewster angle microscopy (BAM) at 23 ◦C (Figure 6.3). With increasing 

surface pressure, intramolecular interaction starts with an area of ca. 97 Å
2
/molecule and further 

compression results in a homogenous film between ca. 10-40 mN/m with a critical area of 88 

Å
2
/molecule. No obvious phase transitions were recorded and a Ries-like constant pressure 

collapse,
190

 similar to other metallosurfactants,
183,184,191

 was observed at ca. 42 mN/m. The BAM 
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micrographs obtained during compression confirm a homogeneous film formation from 10-40 

mN/m, when at 42 mN/m, collapse of the LB film appeared as indicated by the appearance of 

Newton rings. 

 

Figure 6.3. Compression isotherm for complex [Co
III

(L
N2O3

)H2O]  and selected BAM 

micrographs.  

6.3.5. Surface Characterization Using Atomic Force Microscopy (AFM) 

The surface topology of the LB films deposited on mica substrates at different surface 

pressures was analyzed using AFM measurements in order to optimize deposition pressure. The 

monolayers were deposited at 8, 15, 22, 30, 35, 40 mN/m with a transfer ratio close to 1 (Figure 

6.4). Films deposited at lower surface pressures showed higher frequency of pinholes while 

monolayers deposited at 30 and 35 mN/m show more homogeneous film formation. Films 

deposited at surface pressures closer to collapse showed formation of aggregates. 
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Figure 6.4. Surface morphology of monolayer films of [Co
III

(L
N2O3

)H2O] deposited on mica 

substrates at different surface pressures with 5 μm scan size. 

6.3.6. Langmuir-Blodgett Film Characterization using IRRAS Spectroscopy  

Maintenance of composition in the deposited film was verified via infrared reflection 

absorption spectroscopy (IRRAS) using a 50-layer film of [Co
III

(L
N2O3

)H2O] deposited on glass 

substrate at an angle of 40
◦
 under s-polarized light.

192
 The IRRAS spectrum for the compound is 

shown in Figure 6.5 in comparison to its bulk KBr IR spectrum. The IRRAS data is rather 

similar to its bulk IR spectrum with only slight band shifts typical of enhanced ordering, and 

confirms unchanged composition after deposition.  
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Figure 6.5. The comparison of the IR spectrum in KBr and IRRAS spectra of a 50 layer LB film. 

Bands associated with symmetric and asymmetric C-H stretching vibrations were 

observed at 2962, 2903, and 2874 cm
-1

 (Figure 6.6) while bands due to aromatic C=C and C=N 

stretching, and CH2/CH3 deformations are observed in the region of ~1614-1360 cm
-1

. Molecular 

ordering of the LB film is further verified by the presence of both upward and downward bands 

in the region of 1614-1360 cm
-1

 and 2960-2874 cm
-1

 of the IRRAS spectrum.
183,184

 Nonetheless, 

determination of film orientation by analyzing the CH2 vibration intensities is limited due to the 

presence of 18 multidirectional CH3 groups.
183,192a,193
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Figure 6.6. IRRAS spectrum of 50 layers deposited glass substrate of CHn stretching region 

compared to its bulk infrared spectrum. 

 Previous contact angle measurements on the monolayer of a structurally similar 

[Fe
III

L
N2O3

] metallosurfactant indicate that the hydrophillic alkoxy groups attach to the glass 

substrate while the hydrophobic t-butyl groups point outwards.
183

 

6.3.7. Catalytic Activity of the Langmuir-Blodgett Film  

The catalytic activity of the film towards water oxidation was verified in presence of 

sodium borate solution (pH 11, 0.1 M). The CV of FTO plates with [Co
III

(L
N2O3

)H2O] LB 

monolayers showed a catalytic wave at an onset overpotential of 0.5 V (Figure 6.7a). In order to 

verify the involvement of the cobalt center with catalysis, an analogous experiment was 

performed using [Ga
III

L
N2O3

] (Figure 6.7b). The absence of a catalytic wave in the gallium-

based film verifies the need of the cobalt metal for catalysis. Bulk electrolysis using electrodes 

with 1-13 deposited layers were performed at an applied potential of 1.2 V in pH 11, and 0.1 M 

sodium borate solution for 1 h. 
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Figure 6.7. Polarization curves for catalytic activity of (a) [Co
III

(L
N2O3

)H2O] (Inset: O2 bubbles 

generated on the electrode surface) and (b) [Ga
III

L
N2O3

] on an FTO electrode at pH 11.  

The charge consumed by the catalytic films during water oxidation is shown in Figure 

6.8a. Bubbles observed on the electrode were further confirmed to be dioxygen using gas 

chromatography. A direct correlation between the number of layers and charge consumption was 

observed incrementally up to 9 layers. Absent or marginal increase was observed for films with 

more layers. This implies that 9 layers is the optimal point at which catalysis takes place (Figure 

6.8b). 

 

Figure 6.8. (a) Charge passed through the as-prepared catalytic films over 1 h; (b) Correlation 

between the number of layers and the charge consumption. 
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The Faradaic efficiencies of the catalytic films approach ~100%. Using the average 

molecular area obtained from the LB isotherm, the average surface coverage of the electrode can 

be roughly estimated at 1.14×10
14

 molecules/layer.cm
2
 (0.189 nmol/layer.cm

2
). This in turn was 

used to estimate the approximate turnover number (TON) for a monolayer. This apparent TON is 

equal to 54,000 ± 1,500 after one hour. 

If catalysis is based on exclusively molecular mechanisms, it would be expected that 

electrodes rinsed with excess organic solvents would lead to drastically reduced catalytic 

activity. This is due to the fact that the molecular catalyst is highly soluble in organic solvents 

such as dichloromethane and acetonitrile. As such the electrolized FTO electrodes were rinsed 

thoroughly with these solvents, as well as with distilled water. Interestingly, bulk electrolysis 

with the rinsed electrodes showed activity comparable to that of the original electrodes (Figure 

6.9a). A control experiment was performed by rinsing off with organic solvents the monolayer of 

a freshly prepared electrode before electrolysis, and the resulting electrode was catalytically inert 

at equivalent applied potentials. This suggests that the initially deposited molecular film 

rearranges at the surface of the electrode upon electrolysis. Evidence for this rearrangement was 

obtained from the plots of current density vs. time. Before rinsing, the current density of the 

electrodes with 1 layer was constant over time, while in electrodes with 3-13 layers the current 

density increases (Figure 6.9c). This is attributed to the ease at which monolayers can be 

converted into the rearranged catalyst. However, more time is required for the complete 

conversion of the molecular species as the number of layers increases. In contrast, the current 

densities were constant over time after the original electrodes were rinsed. This is tentatively 

attributed to the removal of residual molecules, as shown in Figure 6.9d. Furthermore, a linear 

relationship between charge consumption and number of deposited layers can be observed up to 
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9 layers after which no further increase is observed (Figure 6.9b). This suggests that although 

the molecular catalyst is rearranging into a more active form, the initial conditions of the 

molecular species dictate the final activity of the electrodeposited film. We have recently 

observed a similar situation where a pentadentate cobalt(III) oxime species which retains its 

molecular nature in acetonitrile, is converted into nanoparticles within 1 h of electrocatalysis in 

water.
194

 

 

Figure 6.9. (a) Charge passed through the catalytic film over 1 hour after rinsing; (b) Correlation 

between the number of layers and the charge consumption after rinsing the electrode; (c) Current 

density vs. time plot before rinsing (d) Current density vs. time plot after rinsing the electrode. 
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[Co
III

(L
N2O3

)H2O]. For the 1-layer electrode there was a slight increase in current density (~20%) 

after 100 cycles (Figure 6.10a). Interestingly, when the 9-layer electrode was cycled 100 times 

the current density doubled (Figure 6.10b). These observations confirm our previous assessment 

that the LB layers are rearranging and that the initial conditions of the experiment dictate the 

catalytic behavior. 

 

Figure 6.10. Polarization curves, initial and after 100 cycles at pH 11 for (a) one monolayer and 

(b) for nine layers of [Co
III

(L
N2O3

)H2O]. 

6.3.8. Surface Analysis After Catalysis  

Attempts to characterize the nature of the electrodeposited films were made using 

scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). However, 

the ultrathin nature of the catalytic layer proved to be taxing due to the minute amounts of 

sample on the electrodes. The SEM samples lacked obvious differences between the blank and 

the catalytic electrodes (Figure 6.11a, b). High resolution XPS scans of the cobalt 2P region 

showed a characteristic albeit weak signal, confirming the presence of the metal ion (Figure 

6.11c). The need for cobalt is in good agreement with the lack of activity observed for the 

gallium-based film. 
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Figure 6.11. SEM images obtained for (a) bare FTO electrode (b) LB 9 layers deposited FTO 

electrode after 12 h catalysis; (c) XPS scan of the Co 2p region for 11 layered FTO electrode. 

IRRAS spectra for 50-layer deposited FTO glass substrate were obtained before and after 

catalysis after rinsing with organic solvents. The appearance of symmetric and asymmetric CH2 

and CH3 stretching vibration bands at 2952, 2914, and 2847 cm
-1

 as shown in Figure 6.12, 

indicates the presence of carbon-based residues after catalysis. These observations are in 

excellent agreement with the notion of a cobalt-based catalyst in which carbon-based residues act 

as modifiers, thus confirming that the choice of ligand is relevant to obtain efficient and robust 

catalytic films for water oxidation.
195

 

 

Figure 6.12. IRRAS spectra of C—H stretching of 50-layer deposited film on FTO substrate 

region before catalysis and after catalysis after rinsing with organic solvents.  
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The robustness of the catalytic films towards water oxidation was further probed on a 9-

layer electrode. After 1 h of electrolysis the electrode was rinsed with organic solvents and 

reintroduced into a fresh catalytic cell for additional 12 h electrolysis. An increase in charge 

consumption was observed (Figure 6.13). 

 

Figure 6.13. Charge passed through a 9-layer FTO electrode over 12 h electrolysis. 

6.3.9. Apparent Turnover Number and Faradaic Efficiency Calculation 

The turnover number and Faradaic efficiencies were calculated using a procedure adapted 

from the literature.
196

 The GC was used to quantify the O2 in the head space of the cell using 

atmospheric N2 as internal standard. The concentration of dissolved O2 was taken into account 

according to Henry’s law.
197

 Sample calculations are shown below. 

 % O2 % N2 Ratio 

Air 20.3 79.7 rair = 0.2547 

Blank 22.0 70.0 rblank = 0.2821 

LB 29.2 70.8 rLB = 0.4124 
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Head space volume = 9.5 mL 

Volume of solution = 36 mL 

Henry’s law constant = 769.23 
     

   
 

nO2 in head space before catalysis (A) = 82.5 µmol for 9.5 mL 

O2 produced in headspace = 
           

    
      

             

      
             

O2 dissolved  = nO2 final – nO2 initial  

= 
         

 
*Vsolution - 

           

 
*Vsolution  

= (0.292-0.203)(
        

       
     

   
  
)= 4.164 µmol 

Total amount of O2 produced = nO2 in headspace + nO2 dissolved = 4.164 + 42.22 

= 46.384      

nO2 based on charge = 
           

          
  

              

          
 = 47.44      

Faradaic efficiency = 
                

          
      

      

     
           

6.4. Conclusions 

In conclusion we have developed a novel amphiphilic procatalytic cobalt complex, 

[Co
III

(L
N2O3

)H2O], that can be orderly deposited onto an FTO electrode using the Langmuir-

Blodgett method. The resulting modified electrode is an excellent water oxidation catalyst with a 

moderate overpotential of 0.5 V. A direct correlation between the number of deposited layers and 

improved catalytic activity was found for the first nine layers. Constant performance was 

observed when a larger number of layers were deposited. This is the first application of LB films 

of molecular amphiphiles for water oxidation catalysis and the results point out to the 

development of methodology that enables the incorporation of other potentially effective, but 

water insoluble, molecular catalysts. 
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CHAPTER 7 CONCLUSIONS AND PERSPECTIVES 

Homogeneous thin film formation that occurs without any chemical alternations in 

structure is a critical challenge in transferring the chemistry learnt in solution phase to solid 

phase. The Langmuir-Blodgett (LB) technique has proven a viable method to assemble 

homogeneous films in an organized manner while the structure remains intact. This method 

allows for extrapolation of observed solution phase properties to films on the solid phase, which 

can be used in various applications such as molecular electronics, coatings, and energy. The film 

thickness can be modulated by changing the molecular structure or by repeated deposition. 

However, molecules should be amphiphilic in nature to be used in LB film formation. In this 

dissertation, I described synthesis, characterization, and LB film formation ability of symmetric 

and asymmetric iron(III), cobalt(III), nickel(II), copper(II), and zinc(II) complexes along with 

their LB film applications in molecular electronics, corrosion mitigation, and heterogeneous 

water oxidation. 

In Chapter 3, amphiphilic nickel(II) and copper(II) complexes with [N2O2] coordination 

environment were successfully synthesized and characterized by multiple physicochemical 

methods. Isothermal data confirmed the amphiphilic nature of the complexes with collapse 

pressures at ~35 mN/m while homogeneous film formation was observed between 20-25 mN/m 

surface pressure. The presence of both ligand- and metal-based redox processes made the Cu(II) 

complex a viable candidate in Au|molecule|Au assemblies. However, the flat curve observed for 

current-voltage measurements indicated an insulating behavior. Therefore, frontier molecular 

orbital energies of the Cu(II) complex were compared with a similar rectifying Fe(III) complex 

to propose a rectification mechanism. According to the energy calculations, the Cu(II) SOMO 

situated 1.9 eV above the Au Fermi level making it energetically inaccessible for electron 
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transfer, whereas the SOMO of Fe(III) situated 1.0 eV above the Au Fermi level allowing the 

electron transfer to display current rectification. Although the HOMO of Cu(II) situated 1.0 eV 

below Au Fermi level, insulating nature confirmed that HOMO is not involved in electron 

transfer. Therefore, it suggests that only SOMO of Fe(III) is involved in electron transfer 

following the asymmetric current rectification mechanism. This study also shows that SOMOs 

that are energetically compatible with electrode Fermi levels can accept electron instead of 

LUMO to facilitate asymmetric current flow.  

In Chapter 4, a series of Fe(III) complexes were synthesized by incorporating different 

axial ligands or pyridine and phenolate arms into the ligand architecture to investigate their 

potential performance as molecular current rectifiers. According to isothermal compression data, 

all complexes exhibited amphiphilic character with collapse pressures of ~35-40 mN/m. 

Theoretical calculations performed using molecular redox potentials indicated that SOMO 

energies are situated 0.4 eV above Fermi level for Fe(III) complex with [N3O] coordination 

environment, and 0.8 eV for Fe(III) complexes with [N3O2] and [N2O2] environment. This 

suggests that these SOMOs are energetically comparable with the Au Fermi level, thus allowing 

for electron transfer.  Therefore, these complexes can be used as viable candidates for molecular 

current rectification. 

In Chapter 5, a series of Fe(III), Cu(II), and Zn(II) saloph-based complexes with [N2O2] 

coordination environment were synthesized. According to isothermal compression data all the 

complexes showed amphiphilic character with collapse pressures of ~35-45 mN/m. Cyclic 

voltammetry confirmed that 11-layer deposited gold electrodes of the complexes can passivate 

electron flow more efficiently compared to the ligand. Agar test experiments, SEM, and optical 

micrograph images indicated diminished corrosion rates for LB film-coated iron plates. Weight 
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loss measurements confirmed that 11 layers of the Fe(III) and Zn(II) complexes demonstrate the 

best corrosion mitigation ability, with respective corrosion inhibition efficiencies of ~ 25 % to 30 

% while ligand alone demonstrated a 6 % inhibition efficiency. This suggests that coatings of 

complexes can function as passive barriers to the electron flow between the electrolyte and the 

iron plate. 

In Chapter 6, an amphiphilic cobalt(III) complex of phenolate-rich [N2O3] ligand was 

synthesized. A monolayer functionalized on conductive FTO substrate using LB method 

exhibited catalytic activity in pH 11 borate solution with an overpotential of 0.5 V. Bulk 

electrolysis performed at 1.2 VAg/AgCl confirmed oxygen generation, with an apparent TON of 

54,000 ± 1,500 and a Faradaic efficiency of ~100 % for a monolayer after 1 h. Bulk electrolysis 

performed for FTO electrodes coated with 1-13 layers showed a direct correlation between the 

number of layers and charge consumption up to 9 layers, after which no further increase was 

observed. This suggests that 9-layer deposits provides optimal oxygen generation after 1 h. 

Although the molecules are being rearranged upon electrolysis, the presence of symmetric and 

asymmetric vibration bands in IRRAS spectrum suggests that carbon-based residues can act as 

modifiers, thus confirming that the choice of ligand is relevant to obtain efficient and robust 

catalytic films for water oxidation.   

Confirmation of the rectification ability in the complexes of Chapter 4 necessitates I/V 

measurements using Gold|LB|Gold assemblies. To evaluate HOMO-LUMO/HOMO-SOMO 

contribution to efficient rectification behavior in coordination complexes, ligand design can be 

additionally varied by incorporation of different electron donating and withdrawing substituents 

on a phenolate arm. These modified complexes are subsequently evaluated for adherence to a 

unimolecular or asymmetric rectification mechanism. Likewise, systems containing metal-
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centered donors (Fe
II
 and Ru

II
) and ligand-centered acceptors (terpyridines) can be explored as 

viable candidates in current rectification. 

Further investigations of corrosion mitigation can be performed using systems with 

longer alkoxy chains (e.g., OC18H37, instead of an ethoxymethoxy substituent) to enhance water 

repulsion through the hydrophobic nature of the alkyl chain. Further, self-assembly can be 

implemented in film formation, which binds chemically to the substrate. Therefore, stronger 

binding onto surface will minimize removal of the coatings, providing a better passivation. 

Investigations on heterogeneous water oxidation to obtain low overpotential can be performed by 

changing the substrate of the working electrode, by changing the pH of the solution, or by testing 

the catalytic activity of LB films of other manganese- and iron-based complexes. Additionally, 

electrocatalysis using LB films can be shifted toward photocatalysis to generate H2 as a 

renewable energy source by investigating an assembly functionalized with LB layers of Ru
II
 and 

Co
III

 on top of each other.  
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APPENDIX -A 

Crystal structure data of complex [Cu
II

L
N2O2

] (2) in Chapter 3 

 

Figure A1. X-ray crystal structure of [Cu
II

L
N2O2

] (2). 
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Atom1 Atom2 Length  Atom1 Atom2 Length 

Cu1 N1 1.934(2)  N7 C45 1.414(4) 

Cu1 O2 1.896(2)  O8 C47 1.360(4) 

Cu1 O5 1.891(2)  O8 C48 1.433(4) 

Cu1 N2 1.938(2)  O9 C49 1.427(4) 

N1 C2 1.419(4)  O9 C50 1.423(4) 

N1 C3 1.298(4)  O10 C51 1.362(4) 

O2 C18 1.304(4)  O10 C52 1.434(4) 

O3 C1A 1.359(4)  O11 C53 1.419(4) 

O3 C20 1.426(4)  O11 C54 1.416(4) 

O4 C23 1.374(4)  O12 C63 1.299(4) 

O4 C24 1.419(5)  C4 H4 0.95 

O5 C33 1.300(4)  C4 C59 1.412(5) 

N2 C1 1.417(4)  C4 C60 1.361(5) 

N2 C27 1.295(4)  C42 C43 1.430(5) 

O17 C21 1.425(5)  C42 C74 1.429(5) 

O17 C22 1.425(7)  C43 C44 1.416(5) 

O16 C25 1.462(6)  C43 C71 1.415(5) 

O16 C1C 1.388(7)  C44 H44 0.952 

C1 C2 1.388(5)  C45 C46 1.400(4) 

C1 C26 1.398(5)  C45 C56 1.389(4) 

C2 C19 1.396(5)  C46 H46 0.949 

C3 H3 0.95  C46 C47 1.369(4) 

C3 C5 1.426(5)  C47 C51 1.421(4) 

C5 C6 1.403(4)  C48 H48A 0.992 

C5 C18 1.431(4)  C48 H48B 0.989 

C6 H6 0.949  C48 C49 1.502(4) 

C6 C7 1.375(5)  C49 H49A 0.99 

C7 C8 1.529(5)  C49 H49B 0.989 

C7 C12 1.410(5)  C50 H50A 0.98 

C8 C9 1.538(5)  C50 H50B 0.981 

C8 C10 1.528(6)  C50 H50C 0.979 

C8 C11 1.527(5)  C51 C55 1.377(5) 

C9 H9A 0.98  C52 H52A 0.989 

C9 H9B 0.98  C52 H52B 0.99 

C9 H9C 0.981  C52 C53 1.500(5) 

C10 H10A 0.981  C53 H53A 0.991 

C10 H10B 0.981  C53 H53B 0.99 

C10 H10C 0.98  C54 H54A 0.979 

C11 H11A 0.979  C54 H54B 0.981 

C11 H11B 0.981  C54 H54C 0.98 
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C11 H11C 0.981  C55 H55 0.949 

C12 H12 0.949  C55 C56 1.406(4) 

C12 C13 1.388(5)  C56 N57 1.423(4) 

C13 C14 1.543(5)  N57 C58 1.300(4) 

C13 C18 1.428(5)  C58 H58 0.95 

C14 C15 1.529(5)  C58 C59 1.425(5) 

C14 C16 1.533(5)  C59 C63 1.427(5) 

C14 C17 1.546(5)  C60 C61 1.403(6) 

C15 H15A 0.98  C60 C68 1.531(6) 

C15 H15B 0.981  C61 H61 0.949 

C15 H15C 0.979  C61 C62 1.365(5) 

C16 H16A 0.981  C62 C63 1.438(5) 

C16 H16B 0.981  C62 C64 1.540(5) 

C16 H16C 0.979  C64 C65 1.526(6) 

C17 H17A 0.981  C64 C66 1.531(5) 

C17 H17B 0.978  C64 C67 1.520(6) 

C17 H17C 0.98  C65 H65A 0.98 

C19 H19 0.95  C65 H65B 0.981 

C19 C1A 1.377(5)  C65 H65C 0.98 

C1A C23 1.407(5)  C66 H66A 0.979 

C20 H20A 0.991  C66 H66B 0.979 

C20 H20B 0.989  C66 H66C 0.98 

C20 C21 1.487(6)  C67 H67A 0.981 

C21 H21A 0.992  C67 H67B 0.981 

C21 H21B 0.991  C67 H67C 0.979 

C22 H22A 0.978  C68 C69 1.451(9) 

C22 H22B 0.979  C68 C70 1.510(7) 

C22 H22C 0.979  C68 C1B 1.61(1) 

C23 C26 1.375(5)  C69 H69A 0.98 

C24 H24A 0.99  C69 H69B 0.981 

C24 H24B 0.99  C69 H69C 0.98 

C24 C25 1.509(6)  C70 H70A 0.98 

C25 H25A 0.989  C70 H70B 0.981 

C25 H25B 0.989  C70 H70C 0.978 

C26 H26 0.949  C71 H71 0.951 

C27 H27 0.949  C71 C72 1.369(5) 

C27 C28 1.430(5)  C72 C73 1.404(5) 

C28 C29 1.419(5)  C72 C79 1.528(5) 

C28 C33 1.417(5)  C73 H73 0.949 

C29 H29 0.951  C73 C74 1.374(5) 

C29 C30 1.364(5)  C74 C75 1.531(5) 
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C30 C31 1.402(5)  C75 C76 1.557(6) 

C30 C38 1.539(6)  C75 C77 1.515(8) 

C31 H31 0.951  C75 C78 1.530(9) 

C31 C32 1.381(5)  C76 H76A 0.979 

C32 C33 1.441(5)  C76 H76B 0.978 

C32 C34 1.534(5)  C76 H76C 0.98 

C34 C35 1.543(6)  C77 H77A 0.98 

C34 C36 1.532(6)  C77 H77B 0.979 

C34 C37 1.534(5)  C77 H77C 0.979 

C35 H35A 0.979  C78 H78A 0.979 

C35 H35B 0.98  C78 H78B 0.98 

C35 H35C 0.979  C78 H78C 0.979 

C36 H36A 0.98  C79 C80 1.499(5) 

C36 H36B 0.981  C79 C81 1.539(8) 

C36 H36C 0.98  C79 C82 1.509(7) 

C37 H37A 0.981  C80 H80A 0.979 

C37 H37B 0.982  C80 H80B 0.982 

C37 H37C 0.98  C80 H80C 0.98 

C38 C39 1.540(8)  C81 H81A 0.98 

C38 C40 1.524(7)  C81 H81B 0.978 

C38 C41 1.531(7)  C81 H81C 0.978 

C39 H39A 0.979  C82 H82A 0.98 

C39 H39B 0.98  C82 H82B 0.98 

C39 H39C 0.978  C82 H82C 0.98 

C40 H40A 0.979  C1B H1BA 0.981 

C40 H40B 0.982  C1B H1BB 0.978 

C40 H40C 0.979  C1B H1BC 0.98 

C41 H41A 0.979  O1 H1 0.838 

C41 H41B 0.981  O1 C1D 1.395(5) 

C41 H41C 0.98  C1D H1DA 0.98 

C1C H1CA 0.98  C1D H1DB 0.979 

C1C H1CB 0.981  C1D H1DC 0.982 

C1C H1CC 0.98  O7 H7 0.84 

Cu2 O6 1.886(2)  O7 C1E 1.418(6) 

Cu2 N7 1.923(2)  C1E H1EA 0.979 

Cu2 O12 1.890(2)  C1E H1EB 0.979 

Cu2 N57 1.940(2)  C1E H1EC 0.979 

O6 C42 1.301(4)  O13 H13A 0.869 

N7 C44 1.299(4)  O13 H13B 0.90(3) 

Table A1. Bond lengths (Å) for complex [Cu
II

L
N2O2

] (2). 
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Atom1 Atom2 Atom3 Angle  Atom1 Atom2 Atom3 Angle 

N1 Cu1 O2 92.6(1)  Cu2 N7 C45 112.6(2) 

N1 Cu1 O5 175.8(1)  C44 N7 C45 122.6(3) 

N1 Cu1 N2 84.4(1)  C47 O8 C48 115.4(2) 

O2 Cu1 O5 89.53(9)  C49 O9 C50 112.7(2) 

O2 Cu1 N2 176.4(1)  C51 O10 C52 117.8(2) 

O5 Cu1 N2 93.6(1)  C53 O11 C54 112.5(2) 

Cu1 N1 C2 112.3(2)  Cu2 O12 C63 128.9(2) 

Cu1 N1 C3 125.2(2)  H4 C4 C59 118.9 

C2 N1 C3 121.8(3)  H4 C4 C60 118.9 

Cu1 O2 C18 129.1(2)  C59 C4 C60 122.1(4) 

C1A O3 C20 117.6(3)  O6 C42 C43 122.5(3) 

C23 O4 C24 116.7(3)  O6 C42 C74 119.7(3) 

Cu1 O5 C33 128.5(2)  C43 C42 C74 117.8(3) 

Cu1 N2 C1 112.4(2)  C42 C43 C44 122.8(3) 

Cu1 N2 C27 124.9(2)  C42 C43 C71 119.7(3) 

C1 N2 C27 122.7(3)  C44 C43 C71 117.2(3) 

C21 O17 C22 110.5(4)  N7 C44 C43 126.6(3) 

C25 O16 C1C 114.7(5)  N7 C44 H44 116.7 

N2 C1 C2 115.3(3)  C43 C44 H44 116.8 

N2 C1 C26 125.4(3)  N7 C45 C46 124.3(3) 

C2 C1 C26 119.3(3)  N7 C45 C56 115.7(3) 

N1 C2 C1 115.3(3)  C46 C45 C56 119.9(3) 

N1 C2 C19 123.7(3)  C45 C46 H46 119.6 

C1 C2 C19 120.9(3)  C45 C46 C47 120.6(3) 

N1 C3 H3 117.3  H46 C46 C47 119.8 

N1 C3 C5 125.6(3)  O8 C47 C46 125.2(3) 

H3 C3 C5 117.2  O8 C47 C51 115.2(3) 

C3 C5 C6 116.2(3)  C46 C47 C51 119.6(3) 

C3 C5 C18 122.9(3)  O8 C48 H48A 110.2 

C6 C5 C18 120.8(3)  O8 C48 H48B 110.3 

C5 C6 H6 118.7  O8 C48 C49 107.5(2) 

C5 C6 C7 122.7(3)  H48A C48 H48B 108.5 

H6 C6 C7 118.6  H48A C48 C49 110.2 

C6 C7 C8 121.4(3)  H48B C48 C49 110.2 

C6 C7 C12 116.0(3)  O9 C49 C48 104.8(2) 

C8 C7 C12 122.4(3)  O9 C49 H49A 110.8 

C7 C8 C9 110.6(3)  O9 C49 H49B 110.7 

C7 C8 C10 108.5(3)  C48 C49 H49A 110.8 

C7 C8 C11 112.6(3)  C48 C49 H49B 110.8 

C9 C8 C10 108.3(3)  H49A C49 H49B 108.9 



123 
 

 
 

C9 C8 C11 107.4(3)  O9 C50 H50A 109.5 

C10 C8 C11 109.4(3)  O9 C50 H50B 109.6 

C8 C9 H9A 109.5  O9 C50 H50C 109.4 

C8 C9 H9B 109.5  H50A C50 H50B 109.5 

C8 C9 H9C 109.5  H50A C50 H50C 109.5 

H9A C9 H9B 109.5  H50B C50 H50C 109.4 

H9A C9 H9C 109.4  O10 C51 C47 114.4(3) 

H9B C9 H9C 109.5  O10 C51 C55 125.6(3) 

C8 C10 H10A 109.4  C47 C51 C55 120.1(3) 

C8 C10 H10B 109.5  O10 C52 H52A 110.4 

C8 C10 H10C 109.4  O10 C52 H52B 110.4 

H10A C10 H10B 109.3  O10 C52 C53 107.0(2) 

H10A C10 H10C 109.6  H52A C52 H52B 108.6 

H10B C10 H10C 109.6  H52A C52 C53 110.3 

C8 C11 H11A 109.5  H52B C52 C53 110.3 

C8 C11 H11B 109.4  O11 C53 C52 109.1(2) 

C8 C11 H11C 109.6  O11 C53 H53A 109.9 

H11A C11 H11B 109.5  O11 C53 H53B 109.8 

H11A C11 H11C 109.5  C52 C53 H53A 109.8 

H11B C11 H11C 109.5  C52 C53 H53B 109.9 

C7 C12 H12 117.7  H53A C53 H53B 108.3 

C7 C12 C13 124.4(3)  O11 C54 H54A 109.4 

H12 C12 C13 117.9  O11 C54 H54B 109.5 

C12 C13 C14 121.1(3)  O11 C54 H54C 109.4 

C12 C13 C18 119.0(3)  H54A C54 H54B 109.5 

C14 C13 C18 119.9(3)  H54A C54 H54C 109.6 

C13 C14 C15 111.4(3)  H54B C54 H54C 109.4 

C13 C14 C16 111.9(3)  C51 C55 H55 120 

C13 C14 C17 108.4(3)  C51 C55 C56 119.9(3) 

C15 C14 C16 108.3(3)  H55 C55 C56 120.1 

C15 C14 C17 109.2(3)  C45 C56 C55 119.8(3) 

C16 C14 C17 107.6(3)  C45 C56 N57 114.9(3) 

C14 C15 H15A 109.4  C55 C56 N57 125.2(3) 

C14 C15 H15B 109.4  Cu2 N57 C56 112.1(2) 

C14 C15 H15C 109.5  Cu2 N57 C58 124.4(2) 

H15A C15 H15B 109.4  C56 N57 C58 122.9(3) 

H15A C15 H15C 109.6  N57 C58 H58 116.9 

H15B C15 H15C 109.5  N57 C58 C59 126.0(3) 

C14 C16 H16A 109.4  H58 C58 C59 117.1 

C14 C16 H16B 109.5  C4 C59 C58 116.7(3) 

C14 C16 H16C 109.4  C4 C59 C63 119.8(3) 
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H16A C16 H16B 109.4  C58 C59 C63 123.4(3) 

H16A C16 H16C 109.5  C4 C60 C61 116.9(4) 

H16B C16 H16C 109.5  C4 C60 C68 123.9(4) 

C14 C17 H17A 109.4  C61 C60 C68 119.2(4) 

C14 C17 H17B 109.4  C60 C61 H61 117.5 

C14 C17 H17C 109.4  C60 C61 C62 125.1(4) 

H17A C17 H17B 109.5  H61 C61 C62 117.4 

H17A C17 H17C 109.6  C61 C62 C63 117.9(3) 

H17B C17 H17C 109.5  C61 C62 C64 122.0(3) 

O2 C18 C5 122.8(3)  C63 C62 C64 120.1(3) 

O2 C18 C13 120.2(3)  O12 C63 C59 122.6(3) 

C5 C18 C13 117.0(3)  O12 C63 C62 119.3(3) 

C2 C19 H19 120.1  C59 C63 C62 118.0(3) 

C2 C19 C1A 119.8(3)  C62 C64 C65 110.4(3) 

H19 C19 C1A 120.1  C62 C64 C66 111.6(3) 

O3 C1A C19 124.9(3)  C62 C64 C67 109.9(3) 

O3 C1A C23 116.0(3)  C65 C64 C66 107.7(3) 

C19 C1A C23 119.1(3)  C65 C64 C67 109.7(3) 

O3 C20 H20A 110.5  C66 C64 C67 107.4(3) 

O3 C20 H20B 110.4  C64 C65 H65A 109.4 

O3 C20 C21 106.6(3)  C64 C65 H65B 109.5 

H20A C20 H20B 108.6  C64 C65 H65C 109.5 

H20A C20 C21 110.4  H65A C65 H65B 109.3 

H20B C20 C21 110.4  H65A C65 H65C 109.5 

O17 C21 C20 108.1(3)  H65B C65 H65C 109.6 

O17 C21 H21A 110  C64 C66 H66A 109.4 

O17 C21 H21B 110  C64 C66 H66B 109.4 

C20 C21 H21A 110.1  C64 C66 H66C 109.5 

C20 C21 H21B 110  H66A C66 H66B 109.6 

H21A C21 H21B 108.6  H66A C66 H66C 109.5 

O17 C22 H22A 109.5  H66B C66 H66C 109.4 

O17 C22 H22B 109.4  C64 C67 H67A 109.4 

O17 C22 H22C 109.5  C64 C67 H67B 109.4 

H22A C22 H22B 109.4  C64 C67 H67C 109.4 

H22A C22 H22C 109.5  H67A C67 H67B 109.6 

H22B C22 H22C 109.5  H67A C67 H67C 109.5 

O4 C23 C1A 114.3(3)  H67B C67 H67C 109.5 

O4 C23 C26 124.4(3)  C60 C68 C69 112.8(5) 

C1A C23 C26 121.2(3)  C60 C68 C70 112.1(4) 

O4 C24 H24A 110.5  C60 C68 C1B 107.8(4) 

O4 C24 H24B 110.4  C69 C68 C70 111.8(5) 
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O4 C24 C25 106.2(3)  C69 C68 C1B 105.0(5) 

H24A C24 H24B 108.8  C70 C68 C1B 106.8(4) 

H24A C24 C25 110.4  C68 C69 H69A 109.4 

H24B C24 C25 110.6  C68 C69 H69B 109.5 

O16 C25 C24 110.0(3)  C68 C69 H69C 109.5 

O16 C25 H25A 109.7  H69A C69 H69B 109.6 

O16 C25 H25B 109.7  H69A C69 H69C 109.3 

C24 C25 H25A 109.6  H69B C69 H69C 109.5 

C24 C25 H25B 109.6  C68 C70 H70A 109.4 

H25A C25 H25B 108.3  C68 C70 H70B 109.4 

C1 C26 C23 119.6(3)  C68 C70 H70C 109.4 

C1 C26 H26 120.2  H70A C70 H70B 109.4 

C23 C26 H26 120.2  H70A C70 H70C 109.7 

N2 C27 H27 116.9  H70B C70 H70C 109.5 

N2 C27 C28 126.1(3)  C43 C71 H71 118.7 

H27 C27 C28 117  C43 C71 C72 122.6(3) 

C27 C28 C29 116.1(3)  H71 C71 C72 118.7 

C27 C28 C33 123.1(3)  C71 C72 C73 116.3(3) 

C29 C28 C33 120.6(3)  C71 C72 C79 124.1(3) 

C28 C29 H29 119.1  C73 C72 C79 119.6(3) 

C28 C29 C30 121.9(4)  C72 C73 H73 117.5 

H29 C29 C30 119  C72 C73 C74 124.8(4) 

C29 C30 C31 116.8(4)  H73 C73 C74 117.7 

C29 C30 C38 123.5(4)  C42 C74 C73 118.7(3) 

C31 C30 C38 119.7(4)  C42 C74 C75 119.4(3) 

C30 C31 H31 117.5  C73 C74 C75 121.9(4) 

C30 C31 C32 124.9(4)  C74 C75 C76 111.5(4) 

H31 C31 C32 117.5  C74 C75 C77 109.3(4) 

C31 C32 C33 118.0(3)  C74 C75 C78 110.0(4) 

C31 C32 C34 121.5(3)  C76 C75 C77 106.9(4) 

C33 C32 C34 120.5(3)  C76 C75 C78 107.3(4) 

O5 C33 C28 123.3(3)  C77 C75 C78 111.8(4) 

O5 C33 C32 119.1(3)  C75 C76 H76A 109.5 

C28 C33 C32 117.7(3)  C75 C76 H76B 109.5 

C32 C34 C35 109.9(3)  C75 C76 H76C 109.4 

C32 C34 C36 109.5(3)  H76A C76 H76B 109.4 

C32 C34 C37 112.5(3)  H76A C76 H76C 109.5 

C35 C34 C36 109.9(3)  H76B C76 H76C 109.6 

C35 C34 C37 107.6(3)  C75 C77 H77A 109.5 

C36 C34 C37 107.3(3)  C75 C77 H77B 109.5 

C34 C35 H35A 109.4  C75 C77 H77C 109.4 



126 
 

 
 

C34 C35 H35B 109.5  H77A C77 H77B 109.5 

C34 C35 H35C 109.4  H77A C77 H77C 109.5 

H35A C35 H35B 109.5  H77B C77 H77C 109.5 

H35A C35 H35C 109.5  C75 C78 H78A 109.5 

H35B C35 H35C 109.6  C75 C78 H78B 109.4 

C34 C36 H36A 109.4  C75 C78 H78C 109.5 

C34 C36 H36B 109.5  H78A C78 H78B 109.5 

C34 C36 H36C 109.5  H78A C78 H78C 109.5 

H36A C36 H36B 109.5  H78B C78 H78C 109.5 

H36A C36 H36C 109.5  C72 C79 C80 112.5(3) 

H36B C36 H36C 109.5  C72 C79 C81 108.7(4) 

C34 C37 H37A 109.5  C72 C79 C82 110.0(4) 

C34 C37 H37B 109.5  C80 C79 C81 108.3(4) 

C34 C37 H37C 109.4  C80 C79 C82 109.3(4) 

H37A C37 H37B 109.4  C81 C79 C82 108.0(4) 

H37A C37 H37C 109.3  C79 C80 H80A 109.4 

H37B C37 H37C 109.5  C79 C80 H80B 109.5 

C30 C38 C39 109.1(4)  C79 C80 H80C 109.4 

C30 C38 C40 111.0(4)  H80A C80 H80B 109.5 

C30 C38 C41 109.4(4)  H80A C80 H80C 109.6 

C39 C38 C40 110.1(4)  H80B C80 H80C 109.4 

C39 C38 C41 109.3(4)  C79 C81 H81A 109.5 

C40 C38 C41 107.9(4)  C79 C81 H81B 109.4 

C38 C39 H39A 109.5  C79 C81 H81C 109.4 

C38 C39 H39B 109.5  H81A C81 H81B 109.4 

C38 C39 H39C 109.4  H81A C81 H81C 109.6 

H39A C39 H39B 109.6  H81B C81 H81C 109.5 

H39A C39 H39C 109.4  C79 C82 H82A 109.4 

H39B C39 H39C 109.5  C79 C82 H82B 109.5 

C38 C40 H40A 109.5  C79 C82 H82C 109.4 

C38 C40 H40B 109.5  H82A C82 H82B 109.5 

C38 C40 H40C 109.5  H82A C82 H82C 109.5 

H40A C40 H40B 109.5  H82B C82 H82C 109.5 

H40A C40 H40C 109.5  C68 C1B H1BA 109.5 

H40B C40 H40C 109.4  C68 C1B H1BB 109.5 

C38 C41 H41A 109.5  C68 C1B H1BC 109.5 

C38 C41 H41B 109.6  H1BA C1B H1BB 109.5 

C38 C41 H41C 109.5  H1BA C1B H1BC 109.4 

H41A C41 H41B 109.4  H1BB C1B H1BC 109.5 

H41A C41 H41C 109.4  H1 O1 C1D 109.4 

H41B C41 H41C 109.4  O1 C1D H1DA 109.4 
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O16 C1C H1CA 109.6  O1 C1D H1DB 109.5 

O16 C1C H1CB 109.5  O1 C1D H1DC 109.5 

O16 C1C H1CC 109.5  H1DA C1D H1DB 109.5 

H1CA C1C H1CB 109.5  H1DA C1D H1DC 109.4 

H1CA C1C H1CC 109.4  H1DB C1D H1DC 109.5 

H1CB C1C H1CC 109.3  H7 O7 C1E 109.6 

O6 Cu2 N7 93.5(1)  O7 C1E H1EA 109.5 

O6 Cu2 O12 88.8(1)  O7 C1E H1EB 109.5 

O6 Cu2 N57 175.7(1)  O7 C1E H1EC 109.4 

N7 Cu2 O12 175.3(1)  H1EA C1E H1EB 109.5 

N7 Cu2 N57 84.7(1)  H1EA C1E H1EC 109.4 

O12 Cu2 N57 93.3(1)  H1EB C1E H1EC 109.4 

Cu2 O6 C42 129.2(2)  H13A O13 H13B 106 

Cu2 N7 C44 124.8(2)      

Table A2. Bond angles (
◦
) for complex [Cu

II
L

N2O2
] (2). 
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Crystal structure data of complex [Fe
III

L
N3O2

] (4) in Chapter 4  

 

  

  

Figure A2. X-ray crystal structure of [Fe
III

L
N3O2

] (4). 
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Atom1 Atom2 Length  Atom1 Atom2 Length 

Fe1 O1 2.097(2)  C22 C24 1.532(5) 

Fe1 O2 2.127(2)  C22 C25 1.533(4) 

Fe1 O3 1.883(2)  C24 H01D 0.960(4) 

Fe1 O4 1.865(2)  C24 H01E 0.961(4) 

Fe1 N1 2.076(3)  C24 H01F 0.960(4) 

Fe1 N2 2.109(2)  C25 H01G 0.960(4) 

O1 C2 1.331(8)  C25 H01H 0.959(3) 

O2 H008 0.85(2)  C25 H01I 0.959(3) 

O2 C1 1.424(5)  C26 H00M 0.930(3) 

O3 C20 1.326(4)  C26 C27 1.411(4) 

O4 C3 1.313(4)  C27 C28 1.369(4) 

O5 C14 1.413(4)  C27 C29 1.536(5) 

O5 C15 1.363(4)  C28 H00O 0.930(3) 

O6 C8 1.364(3)  C29 C30 1.540(6) 

O6 C9 1.432(4)  C29 C31 1.535(5) 

O7 C12 1.46(1)  C29 C32 1.518(5) 

O7 C13 1.226(7)  C30 H 0.959(4) 

O8 C10 1.420(4)  C30 H01X 0.960(4) 

O8 C11 1.423(4)  C30 H01Y 0.960(5) 

N1 C17 1.418(3)  C31 H01U 0.960(5) 

N1 C18 1.295(4)  C31 H01V 0.960(5) 

N2 C5 1.301(4)  C31 H01W 0.959(4) 

N2 C6 1.420(4)  C32 H0AA 0.960(4) 

C1 H01 0.960(4)  C32 HE 0.959(5) 

C1 HC 0.959(5)  C32 HF 0.960(5) 

C1 HD 0.960(5)  C33 H00H 0.930(3) 

C3 C4 1.426(4)  C33 C34 1.372(4) 

C3 C36 1.417(4)  C34 C35 1.406(4) 

C4 C5 1.455(4)  C34 C41 1.530(5) 

C4 C33 1.401(5)  C35 H00V 0.930(3) 

C5 H00K 0.930(3)  C35 C36 1.399(5) 

C6 C7 1.402(4)  C36 C37 1.535(4) 

C6 C17 1.401(5)  C37 C38 1.541(5) 

C7 H00E 0.930(3)  C37 C39 1.541(5) 

C7 C8 1.386(4)  C37 C40 1.529(5) 

C8 C15 1.415(5)  C38 H01O 0.960(5) 

C9 H00C 0.969(3)  C38 H01P 0.959(3) 

C9 H00D 0.971(3)  C38 H01Q 0.960(4) 

C9 C10 1.493(4)  C39 H01A 0.960(4) 

C10 H00A 0.970(3)  C39 H01B 0.960(3) 
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C10 H00B 0.969(3)  C39 H01C 0.960(4) 

C11 H01Z 0.960(5)  C40 H01R 0.960(4) 

C11 HA 0.961(5)  C40 H01S 0.960(4) 

C11 HB 0.961(4)  C40 H01T 0.960(4) 

C12 H2A 0.96(1)  C41 C42 1.634(7) 

C12 H2B 0.96(2)  C41 C43 1.474(6) 

C12 H2C 0.96(2)  C41 C44 1.445(7) 

C13 H1AA 0.930(5)  C42 H3AA 0.959(6) 

C13 C14 1.475(6)  C42 HK 0.961(6) 

C14 H01M 0.970(3)  C42 HL 0.960(6) 

C14 H01N 0.969(3)  C43 H2AA 0.960(6) 

C15 C16 1.374(4)  C43 HG 0.961(6) 

C16 H00J 0.930(3)  C43 HH 0.960(5) 

C16 C17 1.399(4)  C44 H0AB 0.960(7) 

C18 H011 0.930(3)  C44 H0AC 0.961(8) 

C18 C19 1.447(4)  C44 H0AD 0.960(8) 

C19 C20 1.410(4)  O9 H00F 0.820(3) 

C19 C28 1.409(5)  O9 C45 1.437(7) 

C20 C21 1.440(4)  C45 H4AA 0.959(5) 

C21 C22 1.536(4)  C45 HI 0.961(5) 

C21 C26 1.388(5)  C45 HJ 0.960(5) 

C22 C23 1.542(4)     

Table A3. Bond lengths (Å) for complex [Fe
III

L
N3O2

] (4). 

Atom1 Atom2 Atom3 Angle  Atom1 Atom2 Atom3 Angle 

O1 Fe1 O2 173.0(1)  C24 C22 C25 107.9(3) 

O1 Fe1 O3 94.3(1)  C22 C24 H01D 109.5(3) 

O1 Fe1 O4 89.9(1)  C22 C24 H01E 109.4(3) 

O1 Fe1 N1 83.8(1)  C22 C24 H01F 109.4(3) 

O1 Fe1 N2 92.2(1)  H01D C24 H01E 109.4(4) 

O2 Fe1 O3 91.2(1)  H01D C24 H01F 109.5(4) 

O2 Fe1 O4 93.04(9)  H01E C24 H01F 109.5(4) 

O2 Fe1 N1 91.96(9)  C22 C25 H01G 109.4(3) 

O2 Fe1 N2 81.50(9)  C22 C25 H01H 109.4(3) 

O3 Fe1 O4 102.5(1)  C22 C25 H01I 109.5(3) 

O3 Fe1 N1 90.3(1)  H01G C25 H01H 109.5(3) 

O3 Fe1 N2 166.4(1)  H01G C25 H01I 109.5(3) 

O4 Fe1 N1 166.2(1)  H01H C25 H01I 109.5(3) 

O4 Fe1 N2 89.46(9)  C21 C26 H00M 117.8(3) 

N1 Fe1 N2 78.53(9)  C21 C26 C27 124.6(3) 
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Fe1 O1 C2 135.4(3)  H00M C26 C27 117.6(3) 

Fe1 O2 H008 119(2)  C26 C27 C28 117.0(3) 

Fe1 O2 C1 128.4(2)  C26 C27 C29 120.0(3) 

H008 O2 C1 109(2)  C28 C27 C29 122.9(3) 

Fe1 O3 C20 132.4(2)  C19 C28 C27 121.6(3) 

Fe1 O4 C3 134.4(2)  C19 C28 H00O 119.2(3) 

C14 O5 C15 116.6(2)  C27 C28 H00O 119.2(3) 

C8 O6 C9 116.3(2)  C27 C29 C30 108.4(3) 

C12 O7 C13 111.7(7)  C27 C29 C31 112.0(3) 

C10 O8 C11 110.9(3)  C27 C29 C32 109.7(3) 

Fe1 N1 C17 114.9(2)  C30 C29 C31 107.4(3) 

Fe1 N1 C18 123.6(2)  C30 C29 C32 110.4(3) 

C17 N1 C18 121.4(3)  C31 C29 C32 108.9(3) 

Fe1 N2 C5 123.0(2)  C29 C30 H 109.5(4) 

Fe1 N2 C6 114.3(2)  C29 C30 H01X 109.5(4) 

C5 N2 C6 122.5(2)  C29 C30 H01Y 109.5(4) 

O2 C1 H01 109.5(4)  H C30 H01X 109.5(4) 

O2 C1 HC 109.4(4)  H C30 H01Y 109.4(4) 

O2 C1 HD 109.4(4)  H01X C30 H01Y 109.4(4) 

H01 C1 HC 109.6(4)  C29 C31 H01U 109.4(4) 

H01 C1 HD 109.5(4)  C29 C31 H01V 109.4(4) 

HC C1 HD 109.5(4)  C29 C31 H01W 109.4(4) 

O4 C3 C4 121.4(3)  H01U C31 H01V 109.5(4) 

O4 C3 C36 119.4(3)  H01U C31 H01W 109.5(4) 

C4 C3 C36 119.1(3)  H01V C31 H01W 109.5(4) 

C3 C4 C5 123.8(3)  C29 C32 H0AA 109.4(4) 

C3 C4 C33 120.0(3)  C29 C32 HE 109.5(4) 

C5 C4 C33 116.2(3)  C29 C32 HF 109.5(4) 

N2 C5 C4 126.3(3)  H0AA C32 HE 109.4(4) 

N2 C5 H00K 116.8(3)  H0AA C32 HF 109.4(4) 

C4 C5 H00K 116.9(3)  HE C32 HF 109.5(4) 

N2 C6 C7 124.7(3)  C4 C33 H00H 119.0(3) 

N2 C6 C17 115.6(3)  C4 C33 C34 122.1(3) 

C7 C6 C17 119.8(3)  H00H C33 C34 118.9(3) 

C6 C7 H00E 120.0(3)  C33 C34 C35 117.1(3) 

C6 C7 C8 120.0(3)  C33 C34 C41 120.5(3) 

H00E C7 C8 120.0(3)  C35 C34 C41 122.4(3) 

O6 C8 C7 124.3(3)  C34 C35 H00V 118.0(3) 

O6 C8 C15 115.5(3)  C34 C35 C36 124.0(3) 

C7 C8 C15 120.2(3)  H00V C35 C36 118.0(3) 

O6 C9 H00C 109.9(3)  C3 C36 C35 117.6(3) 
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O6 C9 H00D 109.8(3)  C3 C36 C37 120.8(3) 

O6 C9 C10 109.1(2)  C35 C36 C37 121.6(3) 

H00C C9 H00D 108.3(3)  C36 C37 C38 109.9(3) 

H00C C9 C10 109.8(3)  C36 C37 C39 111.3(3) 

H00D C9 C10 109.9(3)  C36 C37 C40 111.7(3) 

O8 C10 C9 109.5(3)  C38 C37 C39 108.9(3) 

O8 C10 H00A 109.8(3)  C38 C37 C40 108.3(3) 

O8 C10 H00B 109.8(3)  C39 C37 C40 106.7(3) 

C9 C10 H00A 109.7(3)  C37 C38 H01O 109.5(3) 

C9 C10 H00B 109.8(3)  C37 C38 H01P 109.5(3) 

H00A C10 H00B 108.3(3)  C37 C38 H01Q 109.5(3) 

O8 C11 H01Z 109.5(4)  H01O C38 H01P 109.5(4) 

O8 C11 HA 109.5(4)  H01O C38 H01Q 109.3(4) 

O8 C11 HB 109.4(4)  H01P C38 H01Q 109.5(4) 

H01Z C11 HA 109.5(4)  C37 C39 H01A 109.4(3) 

H01Z C11 HB 109.5(4)  C37 C39 H01B 109.5(3) 

HA C11 HB 109.4(4)  C37 C39 H01C 109.5(3) 

O7 C12 H2A 109(1)  H01A C39 H01B 109.5(3) 

O7 C12 H2B 110(1)  H01A C39 H01C 109.5(3) 

O7 C12 H2C 109(1)  H01B C39 H01C 109.4(3) 

H2A C12 H2B 109(1)  C37 C40 H01R 109.4(3) 

H2A C12 H2C 109(1)  C37 C40 H01S 109.4(3) 

H2B C12 H2C 109(1)  C37 C40 H01T 109.5(3) 

O7 C13 H1AA 121.6(5)  H01R C40 H01S 109.4(4) 

O7 C13 C14 116.7(5)  H01R C40 H01T 109.5(4) 

H1AA C13 C14 121.6(4)  H01S C40 H01T 109.6(4) 

O5 C14 C13 110.2(3)  C34 C41 C42 107.1(3) 

O5 C14 H01M 109.6(3)  C34 C41 C43 112.0(3) 

O5 C14 H01N 109.7(3)  C34 C41 C44 115.2(4) 

C13 C14 H01M 109.6(3)  C42 C41 C43 100.6(4) 

C13 C14 H01N 109.6(3)  C42 C41 C44 103.6(4) 

H01M C14 H01N 108.1(3)  C43 C41 C44 116.5(4) 

O5 C15 C8 116.8(3)  C41 C42 H3AA 109.5(5) 

O5 C15 C16 123.7(3)  C41 C42 HK 109.4(5) 

C8 C15 C16 119.6(3)  C41 C42 HL 109.4(5) 

C15 C16 H00J 119.6(3)  H3AA C42 HK 109.5(6) 

C15 C16 C17 120.8(3)  H3AA C42 HL 109.5(6) 

H00J C16 C17 119.6(3)  HK C42 HL 109.5(6) 

N1 C17 C6 116.5(3)  C41 C43 H2AA 109.5(5) 

N1 C17 C16 123.8(3)  C41 C43 HG 109.4(5) 

C6 C17 C16 119.6(3)  C41 C43 HH 109.5(5) 
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N1 C18 H011 116.7(3)  H2AA C43 HG 109.5(5) 

N1 C18 C19 126.5(3)  H2AA C43 HH 109.5(5) 

H011 C18 C19 116.7(3)  HG C43 HH 109.4(5) 

C18 C19 C20 124.1(3)  C41 C44 H0AB 109.5(6) 

C18 C19 C28 115.1(3)  C41 C44 H0AC 109.5(6) 

C20 C19 C28 120.8(3)  C41 C44 H0AD 109.5(6) 

O3 C20 C19 122.1(3)  H0AB C44 H0AC 109.4(7) 

O3 C20 C21 119.3(3)  H0AB C44 H0AD 109.5(7) 

C19 C20 C21 118.6(3)  H0AC C44 H0AD 109.4(7) 

C20 C21 C22 121.0(3)  H00F O9 C45 109.4(3) 

C20 C21 C26 117.1(3)  O9 C45 H4AA 109.6(5) 

C22 C21 C26 121.9(3)  O9 C45 HI 109.5(5) 

C21 C22 C23 110.2(3)  O9 C45 HJ 109.4(5) 

C21 C22 C24 109.9(3)  H4AA C45 HI 109.5(5) 

C21 C22 C25 111.4(3)  H4AA C45 HJ 109.5(5) 

C23 C22 C24 110.1(3)  HI C45 HJ 109.4(5) 

C23 C22 C25 107.3(3)      

Table A4. Bond angles (
◦
) for complex [Fe

III
L

N3O2
] (4). 
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Crystal structure data of complex [Fe
III

L
N3O2

] (4) in Chapter 4  

 

Figure A3. X-ray crystal structure of [Zn
II

L
N2O2

] (3). 
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Atom1 Atom2 Length  Atom1 Atom2 Length 

C31 C30 1.407(9)  C1H H1HA 0.98 

C31 C36 1.52(1)  C1H H1HB 0.98 

C31 C2 1.446(6)  C1H H1HC 0.981 

C30 H30 0.95  C1H O0AA 1.410(9) 

C30 C29 1.39(1)  C1R C9AA 1.40(1) 

C14 H14A 0.99  C1R C1BA 1.41(1) 

C14 H14B 0.99  C1R N24 1.399(6) 

C14 C15 1.49(1)  C1W H1WA 0.98 

C14 O5 1.438(9)  C1W H1WB 0.98 

C8 C9 1.392(8)  C1W H1WC 0.98 

C8 C10 1.42(1)  C1W C7AA 1.51(1) 

C8 N2 1.391(6)  C2C C2AA 1.379(7) 

C9 C11 1.397(8)  C2C C7AA 1.51(1) 

C9 N1 1.42(1)  C2C C43 1.41(1) 

C15 H15A 0.989  C3AA H3AA 0.98 

C15 H15B 0.989  C3AA H3AB 0.981 

C15 O6 1.423(9)  C3AA H3AC 0.981 

C23 C24 1.51(1)  C3AA O1AA 1.425(8) 

C23 C26 1.49(2)  C5AA H5AA 0.99 

C23 C25 1.48(2)  C5AA H5AB 0.989 

C23 C21 1.61(1)  C5AA O2AA 1.444(9) 

C33 C34 1.59(1)  C8AA H8AA 0.98 

C33 C35 1.52(1)  C8AA H8AB 0.98 

C33 C32 1.48(1)  C8AA H8AC 0.98 

C33 C27 1.55(1)  C8AA C4BA 1.54(1) 

C34 H34A 0.98  C9AA H9AA 0.95 

C34 H34B 0.98  C9AA C6AA 1.363(7) 

C34 H34C 0.98  C2AA H2AA 0.951 

C24 H24A 0.98  C2AA C66 1.40(1) 

C24 H24B 0.98  C7AA C46 1.540(8) 

C24 H24C 0.98  C7AA C50 1.53(1) 

C35 H35A 0.98  C6AA C0BA 1.41(1) 

C35 H35B 0.98  C6AA O2AA 1.395(8) 

C35 H35C 0.979  C1BA C4AA 1.401(7) 

C26 H26A 0.98  C1BA N5 1.425(9) 

C26 H26B 0.98  C2BA H2BA 0.949 

C26 H26C 0.98  C2BA C66 1.436(7) 

C32 H32A 0.98  C2BA N24 1.29(1) 

C32 H32B 0.979  C3BA H3BA 0.98 

C32 H32C 0.979  C3BA H3BB 0.979 
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C25 H25A 0.98  C3BA H3BC 0.98 

C25 H25B 0.98  C3BA C53 1.54(1) 

C25 H25C 0.98  C5BA H5BA 0.951 

C16 H16A 0.98  C5BA C86 1.42(1) 

C16 H16B 0.98  C5BA N5 1.32(1) 

C16 H16C 0.98  C0BA C4AA 1.374(9) 

C16 O6 1.41(1)  C0BA O9 1.371(5) 

C1S C1T 1.54(1)  C4BA C51 1.52(1) 

C1S C1X 1.520(8)  C4BA C57 1.535(8) 

C1S C1Y 1.54(1)  C4BA C92 1.53(1) 

C1S C29 1.54(1)  C1AA C53 1.532(7) 

C1T H1TA 0.98  C1AA C71 1.44(1) 

C1T H1TB 0.98  C1AA C73 1.37(1) 

C1T H1TC 0.98  C4AA H4AA 0.951 

C39 H39A 0.98  C6BA H6BA 0.989 

C39 H39B 0.98  C6BA H6BB 0.99 

C39 H39C 0.979  C6BA C48 1.484(8) 

C39 C36 1.54(1)  C6BA O9 1.428(9) 

C38 H38A 0.979  C43 H43 0.95 

C38 H38B 0.981  C43 C92 1.42(1) 

C38 H38C 0.981  C46 H46A 0.979 

C38 C36 1.52(1)  C46 H46B 0.98 

C1X H1XA 0.98  C46 H46C 0.98 

C1X H1XB 0.979  C48 H48A 0.989 

C1X H1XC 0.98  C48 H48B 0.99 

C1Y H1YA 0.981  C48 O1AA 1.426(9) 

C1Y H1YB 0.981  C50 H50A 0.98 

C1Y H1YC 0.98  C50 H50B 0.98 

C5 H5 0.949  C50 H50C 0.98 

C5 C4 1.430(8)  C51 H51A 0.98 

C5 N2 1.287(8)  C51 H51B 0.981 

C36 C37 1.522(8)  C51 H51C 0.98 

C1 H1A 0.98  C53 C55 1.53(1) 

C1 H1B 0.98  C53 C96 1.52(1) 

C1 H1C 0.98  C55 H55A 0.98 

C1 O1 1.445(9)  C55 H55B 0.979 

C37 H37A 0.979  C55 H55C 0.98 

C37 H37B 0.979  C57 H57A 0.981 

C37 H37C 0.981  C57 H57B 0.98 

C19 H19A 0.981  C57 H57C 0.98 

C19 H19B 0.979  C60 H60 0.95 
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C19 H19C 0.979  C60 C72 1.38(1) 

C19 O7 1.410(7)  C60 C86 1.44(1) 

C12 C13 1.40(1)  C63 C66 1.43(1) 

C12 C11 1.37(1)  C63 C92 1.405(8) 

C12 O4 1.352(7)  C63 O43 1.342(9) 

C13 C10 1.357(8)  C64 H64A 0.98 

C13 O5 1.38(1)  C64 H64B 0.978 

C4 C28 1.410(9)  C64 H64C 0.98 

C4 C2 1.43(1)  C64 C65 1.55(1) 

C28 H28 0.949  C65 C72 1.52(1) 

C28 C29 1.354(7)  C65 C79 1.52(1) 

C2 O3 1.294(7)  C65 C80 1.525(8) 

C18 H18A 0.99  C71 C86 1.439(7) 

C18 H18B 0.99  C71 O12 1.289(9) 

C18 C17 1.502(9)  C72 C73 1.412(8) 

C18 O7 1.423(8)  C73 H73 0.949 

C17 H17A 0.989  C79 H79A 0.98 

C17 H17B 0.99  C79 H79B 0.98 

C17 O4 1.443(8)  C79 H79C 0.98 

C10 H10 0.951  C80 H80A 0.981 

C20 H20 0.951  C80 H80B 0.98 

C20 C6 1.429(8)  C80 H80C 0.98 

C20 C27 1.38(1)  C96 H96A 0.98 

C6 C7 1.42(1)  C96 H96B 0.979 

C6 C3 1.400(8)  C96 H96C 0.981 

C22 H22 0.95  N5 Zn0A 2.036(4) 

C22 C21 1.38(1)  N24 Zn0A 2.123(7) 

C22 C27 1.41(1)  O12 Zn0A 1.945(5) 

C7 H7 0.949  O22 H22A 0.907 

C7 N1 1.307(9)  O22 H22B 0.907 

C21 C3 1.43(1)  O22 Zn0A 2.097(6) 

C3 O2 1.313(8)  O43 Zn0A 1.961(4) 

C11 H11 0.95  C0AA H0AA 0.98 

N1 Zn1 2.082(4)  C0AA H0AB 0.98 

N2 Zn1 2.065(7)  C0AA H0AC 0.98 

O3 Zn1 1.952(3)  C0AA O10 1.32(2) 

O2 Zn1 1.946(6)  O10 H10A 0.84 

O1 H1 0.87(2)  C40 H40A 0.98 

O1 Zn1 2.116(4)  C40 H40B 0.98 

C1A H1AA 0.99  C40 H40C 0.98 

C1A H1AB 0.99  C40 O11 1.45(1) 
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C1A C5AA 1.52(1)  O11 H11A 0.84 

C1A O0AA 1.404(7)     

Table A5. Bond lengths (Å) for complex [Zn
II

L
N2O2

] (3). 

Atom1 Atom2 Atom3 Angle  Atom1 Atom2 Atom3 Angle 

C30 C31 C36 122.5(6)  H1AB C1A O0AA 109.6 

C30 C31 C2 117.5(5)  C5AA C1A O0AA 110.2(6) 

C36 C31 C2 120.1(6)  H1HA C1H H1HB 109.6 

C31 C30 H30 117.6  H1HA C1H H1HC 109.5 

C31 C30 C29 125.0(6)  H1HA C1H O0AA 109.5 

H30 C30 C29 117.5  H1HB C1H H1HC 109.5 

H14A C14 H14B 108.5  H1HB C1H O0AA 109.4 

H14A C14 C15 110.1  H1HC C1H O0AA 109.4 

H14A C14 O5 110  C9AA C1R C1BA 118.5(6) 

H14B C14 C15 110.1  C9AA C1R N24 125.7(6) 

H14B C14 O5 109.9  C1BA C1R N24 115.7(6) 

C15 C14 O5 108.2(6)  H1WA C1W H1WB 109.4 

C9 C8 C10 117.0(5)  H1WA C1W H1WC 109.5 

C9 C8 N2 117.9(5)  H1WA C1W C7AA 109.5 

C10 C8 N2 125.1(5)  H1WB C1W H1WC 109.5 

C8 C9 C11 121.0(6)  H1WB C1W C7AA 109.5 

C8 C9 N1 114.6(5)  H1WC C1W C7AA 109.5 

C11 C9 N1 124.3(6)  C2AA C2C C7AA 121.2(6) 

C14 C15 H15A 110.3  C2AA C2C C43 115.8(6) 

C14 C15 H15B 110.3  C7AA C2C C43 123.0(6) 

C14 C15 O6 107.2(6)  H3AA C3AA H3AB 109.5 

H15A C15 H15B 108.6  H3AA C3AA H3AC 109.4 

H15A C15 O6 110.2  H3AA C3AA O1AA 109.6 

H15B C15 O6 110.2  H3AB C3AA H3AC 109.3 

C24 C23 C26 109.6(9)  H3AB C3AA O1AA 109.5 

C24 C23 C25 108.0(9)  H3AC C3AA O1AA 109.5 

C24 C23 C21 110.4(8)  C1A C5AA H5AA 110.4 

C26 C23 C25 109.3(9)  C1A C5AA H5AB 110.4 

C26 C23 C21 111.3(9)  C1A C5AA O2AA 106.7(6) 

C25 C23 C21 108.2(8)  H5AA C5AA H5AB 108.7 

C34 C33 C35 108.1(7)  H5AA C5AA O2AA 110.3 

C34 C33 C32 109.1(7)  H5AB C5AA O2AA 110.3 

C34 C33 C27 105.0(7)  H8AA C8AA H8AB 109.4 

C35 C33 C32 111.4(7)  H8AA C8AA H8AC 109.5 

C35 C33 C27 110.7(7)  H8AA C8AA C4BA 109.4 
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C32 C33 C27 112.1(7)  H8AB C8AA H8AC 109.5 

C33 C34 H34A 109.4  H8AB C8AA C4BA 109.5 

C33 C34 H34B 109.5  H8AC C8AA C4BA 109.5 

C33 C34 H34C 109.5  C1R C9AA H9AA 119.2 

H34A C34 H34B 109.4  C1R C9AA C6AA 121.6(6) 

H34A C34 H34C 109.5  H9AA C9AA C6AA 119.3 

H34B C34 H34C 109.5  C2C C2AA H2AA 118 

C23 C24 H24A 109  C2C C2AA C66 123.9(6) 

C23 C24 H24B 110  H2AA C2AA C66 118.1 

C23 C24 H24C 109  C1W C7AA C2C 110.6(6) 

H24A C24 H24B 110  C1W C7AA C46 108.0(6) 

H24A C24 H24C 109  C1W C7AA C50 108.6(7) 

H24B C24 H24C 109  C2C C7AA C46 111.7(6) 

C33 C35 H35A 109.5  C2C C7AA C50 111.1(6) 

C33 C35 H35B 109.4  C46 C7AA C50 106.7(6) 

C33 C35 H35C 109.5  C9AA C6AA C0BA 119.9(6) 

H35A C35 H35B 109.5  C9AA C6AA O2AA 125.7(6) 

H35A C35 H35C 109.5  C0BA C6AA O2AA 114.4(5) 

H35B C35 H35C 109.5  C1R C1BA C4AA 119.5(6) 

C23 C26 H26A 109  C1R C1BA N5 115.8(5) 

C23 C26 H26B 109  C4AA C1BA N5 124.6(6) 

C23 C26 H26C 109  H2BA C2BA C66 117.8 

H26A C26 H26B 110  H2BA C2BA N24 117.8 

H26A C26 H26C 109  C66 C2BA N24 124.4(6) 

H26B C26 H26C 110  H3BA C3BA H3BB 109.5 

C33 C32 H32A 109.5  H3BA C3BA H3BC 109.5 

C33 C32 H32B 109.4  H3BA C3BA C53 109.4 

C33 C32 H32C 109.5  H3BB C3BA H3BC 109.5 

H32A C32 H32B 109.6  H3BB C3BA C53 109.5 

H32A C32 H32C 109.5  H3BC C3BA C53 109.4 

H32B C32 H32C 109.4  H5BA C5BA C86 117.4 

C23 C25 H25A 110  H5BA C5BA N5 117.5 

C23 C25 H25B 109  C86 C5BA N5 125.1(6) 

C23 C25 H25C 109  C6AA C0BA C4AA 119.5(5) 

H25A C25 H25B 109  C6AA C0BA O9 116.4(5) 

H25A C25 H25C 109  C4AA C0BA O9 124.1(5) 

H25B C25 H25C 109  C8AA C4BA C51 109.0(6) 

H16A C16 H16B 109  C8AA C4BA C57 106.7(6) 

H16A C16 H16C 109  C8AA C4BA C92 109.8(6) 

H16A C16 O6 109  C51 C4BA C57 107.7(6) 

H16B C16 H16C 109  C51 C4BA C92 111.0(6) 
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H16B C16 O6 109  C57 C4BA C92 112.5(6) 

H16C C16 O6 110  C53 C1AA C71 119.3(6) 

C1T C1S C1X 108.0(6)  C53 C1AA C73 121.5(6) 

C1T C1S C1Y 109.3(6)  C71 C1AA C73 119.2(6) 

C1T C1S C29 108.7(6)  C1BA C4AA C0BA 121.0(6) 

C1X C1S C1Y 109.4(6)  C1BA C4AA H4AA 119.5 

C1X C1S C29 111.7(6)  C0BA C4AA H4AA 119.5 

C1Y C1S C29 109.7(6)  H6BA C6BA H6BB 108.4 

C1S C1T H1TA 109.5  H6BA C6BA C48 109.8 

C1S C1T H1TB 109.5  H6BA C6BA O9 109.9 

C1S C1T H1TC 109.5  H6BB C6BA C48 109.8 

H1TA C1T H1TB 109.4  H6BB C6BA O9 109.7 

H1TA C1T H1TC 109.4  C48 C6BA O9 109.3(6) 

H1TB C1T H1TC 109.5  C2C C43 H43 117.9 

H39A C39 H39B 109.4  C2C C43 C92 124.1(6) 

H39A C39 H39C 109.5  H43 C43 C92 117.9 

H39A C39 C36 109.5  C7AA C46 H46A 109.5 

H39B C39 H39C 109.5  C7AA C46 H46B 109.5 

H39B C39 C36 109.5  C7AA C46 H46C 109.4 

H39C C39 C36 109.5  H46A C46 H46B 109.5 

H38A C38 H38B 109.4  H46A C46 H46C 109.4 

H38A C38 H38C 109.5  H46B C46 H46C 109.5 

H38A C38 C36 109.5  C6BA C48 H48A 109.7 

H38B C38 H38C 109.4  C6BA C48 H48B 109.8 

H38B C38 C36 109.5  C6BA C48 O1AA 109.5(6) 

H38C C38 C36 109.5  H48A C48 H48B 108.3 

C1S C1X H1XA 109.5  H48A C48 O1AA 109.8 

C1S C1X H1XB 109.5  H48B C48 O1AA 109.7 

C1S C1X H1XC 109.5  C7AA C50 H50A 109.5 

H1XA C1X H1XB 109.4  C7AA C50 H50B 109.6 

H1XA C1X H1XC 109.4  C7AA C50 H50C 109.5 

H1XB C1X H1XC 109.5  H50A C50 H50B 109.5 

C1S C1Y H1YA 109.5  H50A C50 H50C 109.4 

C1S C1Y H1YB 109.5  H50B C50 H50C 109.4 

C1S C1Y H1YC 109.4  C4BA C51 H51A 109.5 

H1YA C1Y H1YB 109.6  C4BA C51 H51B 109.5 

H1YA C1Y H1YC 109.5  C4BA C51 H51C 109.6 

H1YB C1Y H1YC 109.4  H51A C51 H51B 109.4 

H5 C5 C4 116.4  H51A C51 H51C 109.4 

H5 C5 N2 116.3  H51B C51 H51C 109.5 

C4 C5 N2 127.3(6)  C3BA C53 C1AA 112.7(6) 
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C31 C36 C39 109.0(6)  C3BA C53 C55 106.5(6) 

C31 C36 C38 111.8(6)  C3BA C53 C96 107.1(6) 

C31 C36 C37 111.6(6)  C1AA C53 C55 110.0(6) 

C39 C36 C38 110.4(6)  C1AA C53 C96 111.4(6) 

C39 C36 C37 107.3(6)  C55 C53 C96 109.0(6) 

C38 C36 C37 106.5(6)  C53 C55 H55A 109.4 

H1A C1 H1B 109.5  C53 C55 H55B 109.5 

H1A C1 H1C 109.5  C53 C55 H55C 109.5 

H1A C1 O1 109.5  H55A C55 H55B 109.5 

H1B C1 H1C 109.4  H55A C55 H55C 109.4 

H1B C1 O1 109.5  H55B C55 H55C 109.5 

H1C C1 O1 109.4  C4BA C57 H57A 109.4 

C36 C37 H37A 109.4  C4BA C57 H57B 109.5 

C36 C37 H37B 109.4  C4BA C57 H57C 109.5 

C36 C37 H37C 109.4  H57A C57 H57B 109.4 

H37A C37 H37B 109.5  H57A C57 H57C 109.5 

H37A C37 H37C 109.5  H57B C57 H57C 109.5 

H37B C37 H37C 109.6  H60 C60 C72 119.9 

H19A C19 H19B 109.5  H60 C60 C86 119.9 

H19A C19 H19C 109.4  C72 C60 C86 120.2(6) 

H19A C19 O7 109.3  C66 C63 C92 119.6(7) 

H19B C19 H19C 109.5  C66 C63 O43 120.0(6) 

H19B C19 O7 109.6  C92 C63 O43 120.4(6) 

H19C C19 O7 109.5  H64A C64 H64B 109.4 

C13 C12 C11 118.4(7)  H64A C64 H64C 109.4 

C13 C12 O4 116.9(6)  H64A C64 C65 109.4 

C11 C12 O4 124.7(7)  H64B C64 H64C 109.6 

C12 C13 C10 121.1(6)  H64B C64 C65 109.6 

C12 C13 O5 115.2(6)  H64C C64 C65 109.5 

C10 C13 O5 123.7(6)  C64 C65 C72 109.2(6) 

C5 C4 C28 116.2(6)  C64 C65 C79 108.9(6) 

C5 C4 C2 124.5(6)  C64 C65 C80 108.1(6) 

C28 C4 C2 119.3(6)  C72 C65 C79 110.3(6) 

C4 C28 H28 117.9  C72 C65 C80 112.7(6) 

C4 C28 C29 124.3(6)  C79 C65 C80 107.6(6) 

H28 C28 C29 117.9  C2AA C66 C2BA 116.5(6) 

C31 C2 C4 117.8(5)  C2AA C66 C63 119.0(6) 

C31 C2 O3 120.1(5)  C2BA C66 C63 124.5(6) 

C4 C2 O3 122.1(5)  C1AA C71 C86 116.6(6) 

H18A C18 H18B 108.9  C1AA C71 O12 121.6(6) 

H18A C18 C17 110.8  C86 C71 O12 121.8(6) 
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H18A C18 O7 110.8  C60 C72 C65 121.9(7) 

H18B C18 C17 110.8  C60 C72 C73 117.2(7) 

H18B C18 O7 110.8  C65 C72 C73 120.9(7) 

C17 C18 O7 104.7(5)  C1AA C73 C72 125.2(7) 

C18 C17 H17A 110.1  C1AA C73 H73 117.5 

C18 C17 H17B 110  C72 C73 H73 117.4 

C18 C17 O4 108.4(5)  C65 C79 H79A 109.5 

H17A C17 H17B 108.4  C65 C79 H79B 109.5 

H17A C17 O4 110  C65 C79 H79C 109.5 

H17B C17 O4 110  H79A C79 H79B 109.5 

C8 C10 C13 121.5(6)  H79A C79 H79C 109.5 

C8 C10 H10 119.3  H79B C79 H79C 109.4 

C13 C10 H10 119.2  C65 C80 H80A 109.5 

H20 C20 C6 119.5  C65 C80 H80B 109.5 

H20 C20 C27 119.5  C65 C80 H80C 109.5 

C6 C20 C27 120.9(6)  H80A C80 H80B 109.5 

C20 C6 C7 114.2(6)  H80A C80 H80C 109.4 

C20 C6 C3 121.2(6)  H80B C80 H80C 109.5 

C7 C6 C3 124.6(6)  C5BA C86 C60 113.2(6) 

C30 C29 C1S 124.3(6)  C5BA C86 C71 125.3(6) 

C30 C29 C28 116.2(6)  C60 C86 C71 121.4(6) 

C1S C29 C28 119.6(6)  C4BA C92 C43 120.9(6) 

H22 C22 C21 117.9  C4BA C92 C63 121.4(6) 

H22 C22 C27 117.8  C43 C92 C63 117.7(7) 

C21 C22 C27 124.3(9)  C53 C96 H96A 109.4 

C6 C7 H7 118.1  C53 C96 H96B 109.5 

C6 C7 N1 123.7(6)  C53 C96 H96C 109.4 

H7 C7 N1 118.1  H96A C96 H96B 109.6 

C23 C21 C22 121.2(8)  H96A C96 H96C 109.4 

C23 C21 C3 120.2(8)  H96B C96 H96C 109.6 

C22 C21 C3 118.6(8)  C1BA N5 C5BA 120.5(5) 

C6 C3 C21 117.8(7)  C1BA N5 Zn0A 115.4(4) 

C6 C3 O2 123.8(7)  C5BA N5 Zn0A 124.0(4) 

C21 C3 O2 118.3(7)  C1R N24 C2BA 123.2(6) 

C33 C27 C20 121.2(7)  C1R N24 Zn0A 113.3(4) 

C33 C27 C22 121.9(7)  C2BA N24 Zn0A 122.8(5) 

C20 C27 C22 116.6(7)  C3AA O1AA C48 112.0(6) 

C9 C11 C12 121.0(6)  C1A O0AA C1H 113.0(5) 

C9 C11 H11 119.5  C5AA O2AA C6AA 114.8(5) 

C12 C11 H11 119.5  C0BA O9 C6BA 116.6(5) 

C9 N1 C7 122.6(5)  C71 O12 Zn0A 129.0(4) 
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C9 N1 Zn1 113.2(4)  H22A O22 H22B 107.1 

C7 N1 Zn1 124.1(4)  H22A O22 Zn0A 111.8 

C8 N2 C5 122.9(6)  H22B O22 Zn0A 111.7 

C8 N2 Zn1 113.4(4)  C63 O43 Zn0A 122.6(4) 

C5 N2 Zn1 123.5(5)  N5 Zn0A N24 78.6(2) 

C14 O5 C13 117.5(5)  N5 Zn0A O12 91.1(2) 

C12 O4 C17 116.4(5)  N5 Zn0A O22 103.4(2) 

C2 O3 Zn1 131.4(4)  N5 Zn0A O43 144.6(2) 

C19 O7 C18 111.8(5)  N24 Zn0A O12 165.9(2) 

C3 O2 Zn1 124.5(5)  N24 Zn0A O22 93.2(2) 

C1 O1 H1 108(3)  N24 Zn0A O43 85.7(2) 

C1 O1 Zn1 126.8(5)  O12 Zn0A O22 98.6(2) 

H1 O1 Zn1 122(3)  O12 Zn0A O43 97.5(2) 

C15 O6 C16 110.7(7)  O22 Zn0A O43 109.0(2) 

N1 Zn1 N2 79.0(2)  H0AA C0AA H0AB 110 

N1 Zn1 O3 168.1(2)  H0AA C0AA H0AC 110 

N1 Zn1 O2 88.5(2)  H0AA C0AA O10 109 

N1 Zn1 O1 90.5(2)  H0AB C0AA H0AC 109 

N2 Zn1 O3 90.2(2)  H0AB C0AA O10 109 

N2 Zn1 O2 145.3(2)  H0AC C0AA O10 109 

N2 Zn1 O1 107.2(2)  C0AA O10 H10A 109 

O3 Zn1 O2 97.8(2)  H40A C40 H40B 110 

O3 Zn1 O1 97.5(2)  H40A C40 H40C 110 

O2 Zn1 O1 105.1(2)  H40A C40 O11 109.4 

H1AA C1A H1AB 108.1  H40B C40 H40C 109 

H1AA C1A C5AA 109.6  H40B C40 O11 109.4 

H1AA C1A O0AA 109.6  H40C C40 O11 109.4 

H1AB C1A C5AA 109.7  C40 O11 H11A 109.5 

Table A6. Bond angles (
◦
) for complex [Zn

II
L

N2O2
] (3). 
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ABSTRACT 

ELECTRON TRANSFER STUDIES IN LANGMUIR-BLODGETT FILMS OF 

METALLOSURFACTANTS FOR CURRENT RECTIFICATION, CORROSION 

MITIGATION, AND WATER OXIDATION 

by 

SUNALEE GONAWALA J. M. 

August 2016 

Advisor: Dr. Cláudio N. Verani 

Major: Chemistry (Inorganic) 

Degree: Doctor of Philosophy 

The work presented in this dissertation is focused on the design and synthesis of new 

redox-active amphiphilic architectures to optimize and understand the redox, electronic, and film 

formation properties for applications in current rectification, corrosion mitigation, and water 

oxidation. As such, new redox-active, and amphiphilic iron(III), cobalt(III), nickel(II), 

copper(II), and zinc(II) complexes were synthesized as precursors for Langmuir-Blodgett films 

used for the aforementioned applications.  

For the use in molecular rectification, amphiphilic copper(II) and nickel(II) complexes 

with [N2O2] ligand environment were synthesized. Homogeneous film formation ability was 

observed between ~20-25 mN/m pressure, with a film collapse observed at ~35 mN/m for both 

complexes. The presence of both ligand- and metal-based redox processes made the copper(II) 

complex a viable candidate for device fabrication. However, current vs. voltage (I/V) 

measurements obtained for Au|LB|Au assemblies resulted in a flat I/V curve, diagnostic of an 

insulating nature. Comparison of the frontier molecular orbital energy between the insulating 

copper(II) complex and a similar rectifying iron(III) complex provided insight as to the 

rectification mechanism. Considering the orbital arrangement, the singly occupied molecular 
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orbital (SOMO) of the Cu(II) complex is energetically high to enable electron transfer, thus 

making it an insulator. For comparison purposes, the SOMO of Fe(III) is situated 1.0 eV above 

the Fermi level of the Au electrode allowing for easy electron transfer from electrode to 

molecule. Furthermore, the highest occupied molecular orbital (HOMO) of Cu(II) is situated 1.0 

eV below the Au Fermi level and the insulating nature of the device confirms that the HOMO is 

not involved in electron transfer. Therefore, only the SOMO of the Fe(III) complex should be 

involved in electron transfer following an asymmetric current rectification mechanism. This 

observation confirms that the SOMOs of such molecules can act as electron acceptors to 

facilitate electron transfer and assist in current rectification. In this regard, to enhance the energy 

compatibility between the SOMO and the Fermi level of the Au electrode, a series of new 

asymmetric iron(III) complexes with [N2O2], [N3O], and [N3O2] coordination environments were 

synthesized. According to isothermal compression data, new complexes exhibited amphiphilic 

nature with collapse pressures between ~35-40 mN/m. Calculations performed based on the 

redox potentials of the complexes showed that the SOMO energies of the Fe(III) complexes with 

[N2O2] coordination environment were situated 0.4 eV above the electrode Fermi level, while the 

SOMO energies of other complexes were situated 0.8 eV above the Fermi level. The energetic 

compatibility of these SOMOs with electrode Fermi levels makes these complexes viable 

candidates for molecular current rectification. Therefore, Au|LB|Au assemblies can be used to 

identify the rectification behavior of theses complexes.  

Based on the knowledge that Cu(II) salophen-based complexes can insulate electron 

transfer and therefore preclude electron transfer, a series of amphiphilic Fe(III), Cu(II), and 

Zn(II) complexes were synthesized to be used as protective coatings in corrosion mitigation. 

Cyclic voltammetry experiments revealed that 11-layer LB films of the complexes can 
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effectively passivate electron transfer to the surface in a better way than the ligand alone. Agar 

experiments revealed a low corrosion rate for LB film-coated iron plates, with no blue coloration 

in the complex-coated area after one week. The presence of K3Fe(CN)6 in the agar medium can 

form a Prussian blue complex with Fe
2+

 ions produced due to oxidation. Optical micrograph and 

SEM images showed considerably low rust formation on complex-coated iron plates compared 

to the bare iron plate. Weight loss measurement studies confirmed that 11 layers of the Fe(III) 

and Zn(II) complexes demonstrate the best corrosion mitigation ability, with respective corrosion 

inhibition efficiencies of 27 % and 30 %, while the ligand alone showed an inhibition efficiency 

of only 6 %. This observation suggests that metal coatings can function as passivating barriers to 

electron flow between the electrolyte and the iron plate. 

Similarly, the use of LB films in heterogeneous water oxidation was investigated using a 

phenolate-rich cobalt(III) complex. This complex demonstrated homogeneous film formation 

ability at ~30-35 mN/m, with a collapse pressure of 42 mN/m. Monolayer-deposited FTO 

electrodes supported water oxidation at an overpotential of 0.50 V. Gradual enhancement of 

catalytic activity was observed in up to 9 deposited layers. Upon application of a potential bias, 

the monolayer yielded an estimated turnover number of 54,000 ± 1,500 after one hour with a 

Faradaic efficiency of ~100 %. Although the molecular species were rearranging into an ultrathin 

catalytic layer, the presence of symmetric and asymmetric C-H vibrations in IRRAS spectra 

suggests that carbon-based residues act as modifiers, thus confirming that the ligand choice is 

relevant to obtain efficient and robust catalytic films for water oxidation. 

In summary, this dissertation research presented a new series of ligand designs varying 

from [N2O2], [N3O], and [N3O2] and their iron(III), cobalt(III), nickel(II), copper(II), and zinc(II) 

complexes, which exhibit both redox and amphiphilic character. Further, this project investigates 
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their LB film formation ability and use of these films on solid substrates in molecular electronics, 

corrosion mitigation, and heterogeneous water oxidation. 
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