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ABSTRACT 

NICKEL(II) SALEN COMPLEXES WITH AN ALKANETHIOL SIDE 

CHAIN AND THEIR SELF-ASSEMBLY ON GOLD 

 

by 

 

Drew K. Brown, B.S. 

 

Texas State University-San Marcos 

August 2012 

 

SUPERVISORING PROFESSOR: CHANG JI 

5-(6-Sulfhydrylhexyl)salicylaldehyde and 5-(8-sulfhydryloctyl)salicylalde-

hyde were synthesized, self-assembled on gold, and analyzed using cyclic voltam-

metry (CV). The 5-(ω-sulfhydrylalkyl)salicylaldehydes were also used to synthesize 

two nickel(II) salens with an alkanethiol side chain via the condensation reaction and 

the metal ion was coordinated into the ligand using nickel(II) acetate in solution. 

These nickel(II) salen complexes were self-assembled on gold from DMF that was 

saturated with a mixture of approximately 10% [nickel(II)salen](CH2)nSH (n=6 or 8) 

and 90% nickel(II) salen. It was found that the chemisorbed nickel(II) salen films 

may undergo electrochemical chain polymerization in DMF containing 0.05 M 
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tetramethylammonium tetraflouroborate (TMABF4) to form poly[nickel(II)salen]-

(CH2)nS-Au film. The redox reversibility of ferrocene in cyclic voltammetry was 

affected by the polymerized films on gold electrode. The film was fairly stable under 

acidic conditions. Future research was discussed to further investigate [nickel(II) 

salen]CnS-Au films through the synthesis of disulfide precursors as well as a 1:1 

condensation reaction to generate pure salen or salophen ligands for self-assembly. 
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CHAPTER 1. INTRODUCTION 

 

In 1983, Allara and Nuzzo synthesized gold-alkylthiolate monolayers through the 

adsorption of di-n-alkyl disulfides on zerovalent gold.
1 

Since then, self-assembled 

monolayers, SAMs, have been extensively studied for numerous applications in 

catalysis,
2
 chemical and biosensor technology,

3,4
 corrosion resistant films,

5
 and 

electrochemistry.
6
 SAMs have also attracted a lot of interests because they are ideal for 

the understanding of many interactions, particularly the intermolecular forces in densely 

packed alkyl chains. Many interfacial properties can be affected simply by changing the 

functionality of the tail group in SAMs.
7-14 

Metal Schiff base complexes, which are 

widely used in catalysis, have been attached as a terminal group using thiol linkers or 

directly to gold surface for potential technological applications (see section 1.2). The 

most studied metal complexes on gold are chromophoric, electroactive, and fluorescent.
15 

However, there are few reports about metal salen or salophen complexes with terminal 

thiols chemisorbed on gold. The next a few sections will summarize the previous research 

in metal salen complexes and SAMs, and why two new nickel(II) salen complexes 

similar to 1 in Figure 2 have been synthesized and studied in this work.  

1.1. Metal Salen Complexes—an Overview  

1.1.1. Brief history.— Schiff bases and their metal complexes are important 
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compounds in the advancement of coordination chemistry and catalysis. Since the 

nineteenth century, Schiff bases and their metal complexes have been studied 

extensively. In 1864, Hugo Schiff discovered azomethine (Schiff base) from the 

reversible reaction of an active carbonyl compound with a primary amine.
16

 

Mechanistically, a carbinolamine intermediate is formed and then dehydrated to a stable 

imine.
17

 These imines bear a hydrocarbonyl group bound to a nitrogen atom with a 

chemically important lone pair of electrons. The general formula is R1R2C=NR3 where 

typically R1 is an aryl, R2 is a hydrogen, and R3 is an aryl or alkyl.
17

 In 1869, Schiff 

published the preparation of several complexes using phenyl and aryl amines with 

salicylaldehyde, which is now an established condensation reaction.
18

 Soon after, 

Delépine synthesized similar ligands using salicylaldehyde with methylamine or benzyl 

amine to coordinate the metal with dissolved metal acetates.
19

 These initial studies 

resulted in the development of over 2500 salen-type complexes over the next century.
20

 

Many Schiff bases are great ligands due to the free lone pair of electrons on the 

imine. Other functional groups on the molecule such as hydroxyls
21

 and sulfides
22

 can 

also contribute a pair of electrons. These ligand structures are usually very diverse with  

 

Figure 1. N,N'-bis(salicylidene)ethylenediamine. Synthesis of SalenH2. From ref. 21.
 

the binding pockets for many metals and some metalloids involving nitrogen and oxygen 

atoms. The most common symmetrical Schiff base ligand is a bifunctional tetradentate 

ligand as shown in Figure 1, which has been extended to other ligand structures (Figure 
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2).
21,23

 It can be prepared conveniently by the condensation of salicylaldehyde and 

ethylenediamine with good yields.
21 

Further reaction with metal acetate will give metal 

salens, which are commonly used in catalysis. Other metal Schiff base complexes could 

be prepared by a similar synthetic protocol. As a famous example, the Jacobsen's 
 

 

Figure 2. Several examples of metal Schiff base complexes. M(salen) 1, M(salphen) 2, M(salpn) 3, and 

M(3-MeOsaltMe) 4. From ref. 23. 

 

Figure 3. The Jacobsen's catalyst, a Mn(III) Schiff base complex. It was first used in enantioselective 

epoxidation of unfunctionalized alkenes. From ref. 24. 

catalyst (Figure 3) was synthesized in the early 1990s and successfully used in 

enantioselective epoxidation of unfunctionalized alkenes.
24

 The discussion will focus on 
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the use of metal(II) salen for the electrochemical reduction of organic halides in the 

following.
 
 

 1.1.2. Electrochemical reduction of organic halides.— Many organic halides, 

which come primarily from industrial sources, have been recognized as persistent organic 

pollutants (POPs). They can have a long term adverse effect on animal and human health 

due to bioaccumulation in tissue, biomagnification in food chains, and their high toxicity. 

Consequently, there has been a need to detect and remove these organic halides from the 

environment.  

 In homogeneous electrochemical reductions, M(II) salen (where M = cobalt or 

nickel) has been used as a catalyst to reduce many organic halides in dimethylformamide 

(DMF) or acetonitrile.
25 

For nickel(II) and cobalt(II) salens, both undergo a reversible  

M(II) salen + e
  
  [M(I) salen]


, M = Ni or Co                                  (Eq. 1) 

one-electron reduction (Eq. 1) to produce the corresponding metal(I) salens, which can 

then attack organic halides through a nucleophilic process to generate different products. 

Under these conditions, the potential for metal(I) salen mediated reduction of organic 

halides shifts more positive, the cathodic current increases, and the anodic current 

disappears (Figure 4).
26 

The various detailed mechanisms have been studied and 

described.
27,28

 In summary, the organic halide will typically undergo carbon-halogen 

bond cleavage and a carbanion (R

) or radical (R·) will be produced. Alkanes and dimers 

are usually formed as the final products. However, the radical intermediates can also 

undergo further reactions including disproportionation,
26

 intramolecular cyclization,
29

 

ring expansion,
30

 and abstraction of hydrogen atoms from the solvent or electrolyte.
26

 As 
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a result, the electrochemical reduction of organic halides using metal(II) salens can be 

very useful for the synthesis of various compounds.  

 

Figure 4. Reduction of 1,6-dibromohexane with nickel(II) salen. Cyclic voltammograms recorded with a 

glassy carbon electrode (area = 0.077 cm
2
) at 100 mV/s in DMF containing 0.10 M TMABF4 and (A) 2.0 

mM nickel(II) salen (structure shown); (B) 1.0 mM 1,6-dibromohexane; (C) 2.0 mM nickel(II) salen and 

1.0 mM 1,6-dibromohexane; (D) 2.0 mM nickel(II) salen and 2.0 mM 1,6-dibromohexane; and (E) 2.0 mM 

nickel(II) salen and 4.0 mM 1,6-dibromohexane. Curves A, C, D, and E were scanned from 0 to −1.2 to 0 

V; curve B was scanned from 0 to −1.8 to 0 V. From ref 28. 

 

Figure 5. Dinickel Schiff base complex (Ni2(II)L). An illustration of a dinickel Schiff base complex 

which has been used to reduce organic halides. From ref. 26. 

 

For example, nickel(II) salen and a dinickel Schiff base complex (Ni2(II)L) 

containing two salen units were both used to electrochemically reduce bromooctanes at 

reticulated glassy carbon electrodes in DMF containing 0.050 M tetramethylammonium 

tetraflouroborate (TMABF4) by bulk electrolysis.
26

 The reduction of 1-bromooctane 
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produced octane, n-hexadecane, various amides, and other products while 2-bromooctane 

produced octane, 7,8-dimethyltetradecane, 6-ethyl-7-methyltridecane, N,N-2-trimethyl-

octanamide, and other products.  

1.1.3. Modification of electrodes with metal salen complexes.— Carbon paste 

electrodes (CPE) modified with metal Schiff base complexes have been used for 

electrochemical oxidation and reduction of various compounds. Modified CPEs are 

prepared simply by mixing catalysts with graphite powder followed by assembling the 

electrode. Cobalt(II)-4-methylsalophan (CoMSal) modified CPE has been shown to 

electrochemically oxidize ascorbic acid and cysteine,
31

 while oxovanadium(IV) salen 

modified CPE have been used to oxidize cysteine and reduce hydrogen peroxide.
32

 Figure 

6 shows that by using the CoMSal-modified CPE, ascorbic acid is more easily oxidized at 

a less positive potential, and cysteine is only detectable with the modified CPE. The 

increase in oxidative currents improves the sensitivity of the electrode, which also offers   

 
Figure 6. Electrochemical oxidation using carbon paste electrode (CPE) modified with metal Schiff 

base complexes. Cyclic voltammograms of 1 mM (A) ascorbic acid and (B) cysteine at the surface of 

unmodified CPE (dashed lines) and CoMSal-modified CPE (solid line) in 0.1 M acetate buffer solution 

with pH 5.0. Sweep rate was 100 mV/s. From ref. 31. 
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good selectivity.
31

 Nevertheless, CPEs modified with metal Schiff base complexes have 

primarily focused on electrochemical oxidation, and the catalysts are not chemically 

bound to the electrode surface. It has been reported that metal salen complexes can also 

undergo electrochemical polymerization directly on the electrode surface.
23

 The polymer-

modified electrodes can potentially be excellent electrocatalysts or sensors (for oxidation 

or reduction).
33 

 

1.1.4. Electrochemically prepared electroactive polymers.— Electroactive 

polymers have been used as electrocatalysts and chemical sensors.
17

 Electrodes modified 

with metal salen complexes have been prepared via oxidative electrochemical 

polymerization of the monomers on the bare electrode surface where the thickness of the 

film can be controlled to give excellent membrane properties.
34

 Typically, constant-

potential electrolysis (at +1.4 V vs. SCE) and cyclic voltammetry (several cycles from 0 

to +1.4 to 0 V vs. SCE) are used to prepare these electrodes in aprotic organic solvents 

such as acetonitrile, acetone, and dichloromethane.
17,35-40

 Despite extensive 

investigations, the mechanism of polymerization remains controversial, and two reaction 

mechanisms have been proposed to describe the polymerization of metal salens (Figure 

7). The first electrochemically polymerized substituted metal salen complexes were 

synthesized by Murray and co-workers using nickel, cobalt, and manganese metal 

centers.
35

 Later on, three nickel salen complexes substituted with methyl groups were 

used to investigate the mechanism of polymerization by cyclic voltammetry.
36,37

  

Indirectly, it was determined that nickel salen complexes can electrochemically 

polymerize via oxidation in polar aprotic solvents as C-C bonds are generated between 

the phenyl rings of each monomer only if the para positions are not inhibited.
36,37

 These 
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initial studies led to the development of several new polymer films and the first 

mechanism (Figure 7A) for metal salen polymerization. However, despite the strong 

evidence for linear polymerization, another mechanism (Figure 7B) was suggested later 

that poly[metal salen] films have a stacked structure through the investigation of planar 

and non-planar salen complexes.
38,39

 Both models have been used to explain the structure 

of poly[metal salen] films. More interestingly, poly[nickel(II)salen] films have also been 

employed to reduce organic halides.
40

  

 

Figure 7. Electrochemical polymerization of metal salen. (A) chain polymerization and (B) stack 

polymerization. The white arrows indicate metal surface of electrode. From refs. 36-40.  

1.1.5. Metal salen-based films via chemical adsorption.—  Most previous 

research with metal salen-coated electrodes has primarily focused on physical adsorption 
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through oxidative electrochemical polymerization or modified CPE electrodes, rather 

than chemical adsorption on electrode surface to form monolayers. Furthermore, very 

little research has been carried out to study direct self-assembly of metal salens or 

salophens on gold using thiol or disulfide substituents. Chemical adsorption on a gold 

surface has been mainly focused on other metal complexes. A study using six ―bulky‖ 

thio(phenylacetylene) substituted metal(III) salens was the first and possibly the only 

publication that shows the assembly of metal salens on gold from pre-immobilized 

ligands with the corresponding cyclic voltammetric response after metal coordination.
41

 It 

will be intriguing to study nickel(II) salen films directly self-assembled on gold through 

an alkanethiol side chain to examine if (a) polymerization can occur, and (b) if it can be 

used in catalysis particularly for the reduction of organic halides. The next section will 

elaborate more on the chemical adsorption of metal Schiff base complexes by discussing 

an overview of self-assembled monolayers, particularly the gold-alkylthiolate 

monolayers.  

1.2. SAMs—an Overview  

Many organic compounds can form SAMs on solid surfaces. SAMs are usually 

formed via spontaneous adsorption of molecules on a particular metal substrate to 

produce a dense monolayer, which becomes very ordered and homogeneously oriented 

with various tail group functionality (Figure 8).
42

 The most often used metal surface is 

gold because it is resistant to corrosion under many conditions,
14

 does not easily form 

surface oxides like silver
43 

and copper,
44

 and is thus more easily reproduced. SiO2 has 

also been commonly used as a substrate for surface modification in electronic or 

chromatographic applications.
45

 It is not surprising that studies involving alkylsilane 
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Figure 8. Alkylthiolate monolayer on a gold surface. A is the terminal sulfur, B is the spacer group, and 

C is the tail group.  

monolayers on various substrates and gold-alkylthiolate monolayers prevail in the 

literature. 

1.2.1. Methods for preparing monolayers.— SAMs are usually prepared by two 

well-understood methods: the Langmuir-Blodgett (LB) technique using surfactant 

molecules or the chemisorption of organosilanes or organosulfurs.
46

 Although the LB 

technique is very useful in developing multilayer films, it is restricted to molecules that 

can form films on water.
47

 This limits its use with metal Schiff base complexes which are 

more soluble in organic media. Morever, LB films are not stable with temperature 

change
48

 and do not covalently bond to the substrate surface.
49

 These drawbacks make 

chemisorption a more favorable alternative for immobilizing metal Schiff base complexes 

on a metal surface. 

1.2.2. Chemisorption of organosulfurs.— Organosulfur compounds, specifically 

thiols or disulfides, have been found to spontaneously self-assemble onto the surface of 

transition metal substrates.
1,50-53

 A stable gold-alkylthiolate monolayer can be quickly 

formed simply by contacting an alkanethiol or alkanedisulfide solution with the gold 

(Eqs. 2 and 3).
54

 These monolayers have strong gold-sulfur interactions and 
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intermolecular forces in the alkyl chains to make a robust, thermodynamically stable film. 

The alkyl chains typically have an approximate 30° tilted axis.
55

 Most gold-alkylthiolate 

RSH + Au° → RS−Au
+
 + 1/2 H2 (chemical step) (Eq. 2) 

54 

RSSR + Au° → 2 RS−Au
+
 (chemical step) (Eq. 3) 

54 

films are very stable, and the tail group can undergo further reactions to build larger 

molecules in a stepwise fashion. These features have been exploited extensively.
56-62 

The formation of gold-alkylthiolate SAM films containing metal complexes 

usually involves chemisorption either by direct self-assembly or by a linker molecule 
 

 

Figure 9. Formation of SAMs on gold involving chemisorption. Usually involves direct self-assembly 

(A) or assembly using a thiol linker molecule (B). 

(Figure 9). These films have been used for electrochemical purposes.
63-65

 For direct self-

assembly, the adsorbant molecule is synthesized with proper functionality prior to the 

development of the SAMs (see 1.2.3). While for the linker molecule protocol, the process 

involves adsorption of a molecule on the gold surface followed by further reaction of the 

adsorbant molecule with the metal complex via various procedures (see 1.2.4).
 62,66,67
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1.2.3. Direct self-assembly.— Several metal Schiff base complexes have been 

assembled directly onto gold using a sulfur functionality.
63,67-72

 Nickel(II) 

pentaazamacrocyclic complex, an efficient electrocatalyst, has been immobilized on gold 

using a disulfide derivative.
73

 Figure 10A shows the typical cyclic voltammagrams of the 

metal complexes bound to a gold electrode surface at various scan rates. The symmetrical 

reversible redox peaks (Ni(II)-Ni(III)) can be observed at +0.55 V vs. Ag/AgCl, 

suggesting fast electron-transfer kinetics. Additionally, the peak shape is independent of 

scan rate, which is characteristic for surface bound metal complexes.  

Similarly, chiral Co(III), Fe(III), and Mn(III) salen complexes have been prepared 

using pre-immobilized ligands on gold with the reaction of metal chlorides (Figure 

11A).
41

 Specifically, thio(phenylacetylene)n substituted ligands (n=1 and n =2) were self-

assembled onto gold electrodes. It has been observed that the longer thio(phenyl-

acetylene) spacer would give better surface coverage, and the CVs show 

 

Figure 10. Nickel(II) pentaazamacrocyclic complex on gold. (a) CVs of the Au electrode modified by 

dipping in a methanol solution of 0.5 mM nickel(II) pentaazamacrocyclic complex (a disulfide derivative) 

for 36 hours. The CVs were recorded in aqueous 0.1 M Na2SO4 (pH 2). Potential scan rates of 500, 400, 

300, 200, 100, 50, and 20 mV/s. (b) An illustration of nickel(II) pentaazamacrocyclic complex modified 

gold electrode. From ref. 73. 

A 
B 
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Figure 11. Thio(phenylacetylene)n substituted metal salen and metal salophen complexes 

functionalized with unsymmetrical alkyl sulfides on gold. An illustration of (a) thio(phenylacetylene)n 

substituted metal salens [n=1 and n=2 where M=Co(III), Fe(III), and Mn(III)] and (b) metal salophen 

complexes functionalized with unsymmetrical alkyl sulfides self-assembled onto gold [M=Co(II) where 

n1=11, n2=10, Cu(II) where n1=11, n2=10, and Ni(II) where n1=2 or 11, n2=1 or 10]. From refs. 41 and 74. 

quasi-symmetrical (M(III)-M(II)) reversible redox waves similar to Figure 10A. Co(II), 

Cu(II),  and Ni(II) salophen complexes functionalized with unsymmetrical alkyl sulfides 

have also been illustrated to self-assemble on gold electrodes, which were studied by 

time-of-flight secondary-ion mass spectroscopy (TOF-SIMS), X-ray photoelectron 

spectroscopy (XPS), and grazing-angle Fourier transform infrared spectroscopy (FT-IRS) 

techniques (Figure 11).
74

 However, the results suggested these SAMs involve disorder, 

liquid-like alkyl chains.   

1.2.4. Linker molecule approach.— Many metal complexes have been self-

assembled onto gold using thiols as linker molecules and surface modifiers.
57-61

 4-

Pyridinethiol (PT) and 4-aminothiophenol (ATP) have been widely employed as linkers 

that bind on gold. For example, Co(II) and Fe(II) porphyrins have been assembled onto 

A B 
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gold using PT and ATP linker molecules that can be further attached to the metal in the 

complex center.
60

 Two substituted Co(II) salen complexes coordinated with a PT linker 

molecule for surface modification have also been reported.
75

  

Gold surfaces modified with metal complexes using the linker molecule approach 

have been used as electrochemical sensors. For example, Co(II) phthalocyanine modified 

gold electrodes (Figure 12) were used to detect L-cysteine.
62

 In this particular case, 2-

mercaptoethanol was used as the linker molecule to bind the metal complex through a 

phenyl acid chloride functionality. The surface was studied by various electrochemical 

methods. 

 

Figure 12. Co(II) phthalocyanine-modified gold electrodes. These were developed using 2-mercapto-

ethanol as a linker molecule. From ref. 62. 

1.2.5. Properties of Au-alkylthiolate.— The self-assembly of alkanethiols on a 

gold surface is a fast adsorption process and SAMs grow by first-order Langmuir 

adsorption kinetics.
76

 The rate of formation of the layer and its structure is dependent 

upon several parameters: concentration of adsorbate, purity of adsorbate, immersion time, 

concentration of oxygen in solution, cleaniness of substrate, solvent, temperature, and the 

alkanethiol chain length (or more generally the adsorbate’s structure).
77

 Scanning 
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tunneling microscopy has shown that a phase transition occurs on the gold surface for the 

formation of a densely packed alkanethiol SAM.
78

 The gold and thiol head group 

interaction, the tail group interaction, and the dispersion forces between each alkyl chain 

also affect the molecular packing of the monolayer. Usually, a longer alkanethiol chain 

generates dense crystalline-like structures on the gold surface where the conformation of 

the alkyl chain is trans. As the alkyl chain is shortened, the packing is less dense, more 

disordered, and the surface coverage deteriorates.
79-80

   

It has been reported that alkanethiols and alkyl disulfides form identical Au-

alkylthiolate monolayers (Figure 13) which give a characteristic cyclic voltammetric 

response (Figure 14).
54,81-82

 The reductively desorbed thiolate can either oxidatively re- 

adsorb onto the surface or oxidatively dimerize to disulfides at more positive 

potentials.
54,83

 The dimerization occurs at oxidizing potentials, as the oxidation peaks can 

be observed in the CVs (Figure 14B). The cyclic voltammograms of thiophenol and 

diphenyl disulfide on gold are similar as they both undergo an irreversible reduction 

followed by an irreversible oxidation.
54

 The thiol coating undergoes an irreversible one-

electron reduction (Eq. 3) whereas the disulfide coating undergoes an irreversible two- 

 

Figure 13. Self-assembly of thiol and disulfides. Widely accepted reaction scheme for the reaction of 

alkanethiols and alkyl disulfides with the gold surface in the process of monolayer formation. Thiols and 

disulfides give rise to identical monolayers. From ref. 81. 
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RS−Au
+
 + e− → RS− + Au° (electrochemical reduction, thiol only) (Eq. 3)

 54 

2 RS−Au
+
 + 2e− → 2 RS− + Au° (electrochemical reduction, disulfide only) (Eq. 4) 

54 

2 RS− →  2 RS
.
 + 2e−→ RSSR (electrochemical oxidation, both) (Eq. 5) 

54 

 

Figure 14. CVs of thiols and disulfides on gold. (A) Cyclic voltammogram for a tetradecanethiol 

monolayer on annealed polycrystalline gold in KOH. The scan rate was 100 mV/s. (B) Cyclic 

voltammograms of the a) diphenyl disulfide and b) thiophenol, v = 100 mV/s, C= 4x10
-4

 M on gold 

electrode in acetonitrile containing 0.05 M TBAClO3. Irreversible reductions at −1.60 and −1.97 V and 

irreversible oxidations at approximately 0 V vs. SCE. From refs. 82 and 54. 

electron reduction (Eq. 4).
54

 Both films become damaged as smaller reductive currents 

are observed upon repeated sweeps (not shown). An irreversible two-electron oxidation 

takes place to produce the disulfide (Eq. 5) with no re-adsorption of thiolate seen in either 

case.
54 

1.3. Summary for Literature Review 

It is an attractive strategy to prepare gold electrodes surface-modified with highly 

organized SAM films of redox catalysts that can be used as analytical sensors. As 

previously mentioned, several metal complexes have been immobilized on planar gold or 

A 

B 
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used to modify CPEs for electrochemical studies. However, these investigations primarily 

focused on the oxidation behavior of the surface-confined catalysts. The detection of 

halogenated compounds via electrocatalytic reduction using gold electrodes surface-

modified with thiol derivatives of redox species have rarely been examined, mostly due 

to the desorption of thiolate monolayers from the Au electrode surface at 1.3 to 1.7 V 

vs. SCE.
51

 Consequently, more positive reduction potentials for the affixed catalysts are 

required in order to utilize surface-modified gold electrodes for the detection of organic 

halides.  

The electrochemical behavior of metal salens chemisorbed onto gold has not been 

studied extensively. Most previous studies prepared metal salen-modified electrodes by 

(a) premixing the catalyst into a CPE, (b) oxidative polymerization of monomer units 

onto bare electrodes, or (c) using linker molecules self-assembled onto gold to 

immobilize the metal salen derivatives. There have been no electrochemical studies of 

metal salen (1) chemisorbed on gold through an alkanethiol chain. It is intriguing to find 

out whether the immobilized complexes can be polymerized and used for redox catalysis, 

especially for catalytic reduction of organic halides. In this study, two nickel(II) salen 

complexes with different alkanethiol side chain lengths were prepared for self-assembly 

on gold to form the robust SAMs via chemical adsorption. The corresponding 

electrochemical properties of the modified Au electrode were carefully examined by 

cyclic voltammetry. 
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CHAPTER 2. ALKANETHIOL EXPERIMENTAL AND SYNTHESIS 

 

 2.1. Synthetic Routes.— The preparation of 5-(ω-sulfhydrylalkyl)salicyl- 

 

Figure 15. Synthesis of 5-(6-sulfhydrylhexyl)salicylaldehyde.     
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aldehydes was previously published.
84,85

 Figure 15 illustrates the synthetic route used to 

obtain 5-(6-sulfhydrylhexyl)salicylaldehyde. 4-(6-Bromohexyl)phenol, 3, was prepared 

in three steps via Friedel–Crafts acylation of anisole with 6-bromohexanoyl chloride,
86

 

followed by a Clemmensen reduction to selectively reduce the carbonyl group,
86 

and 

finally conversion of the methoxy group to phenol in 48% HBr using (n-hexadecyl)tri-n-  

 

Figure 16. Synthesis of 5-(8-sulfhydryloctyl)salicylaldehyde.    
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butylphosphonium bromide as a catalyst.
87

 Treatment of the aryloxymagnesium bromide, 

freshly prepared from 3 and ethylmagnesium bromide, with paraformaldehyde and 

triethylamine gave 5-(6-bromohexyl)salicylaldehyde, 4.
88

 The product was purified by 

column chromatography (5% ethyl acetate–95% hexanes using silica gel) and crystallized 

in absolute alcohol. Finally, 4 was converted to 5 using thiourea to obtain the 

isothiuronium salt which was hydrolyzed using aqueous KOH and sulfuric acid.
89

 The 

preparation of 5-(8-sulfhydryloctyl)salicylaldehyde, 11, follows a similar synthetic route  

 

Figure 17. Synthesis of the nickel(II) salens with an alkanethiol side chain. Scheme 3 where a and b 

symbolize n=6 and n=8, respectively. Excess nickel(II) salen is also synthesized. 
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as shown in Figure 16. First, 8-bromooctanoic acid was quantitatively converted to 8-

bromooctanoyl chloride, 6, using thionyl chloride
90

 prior to a Friedel–Crafts acylation 

with anisole. The preparation of modified nickel(II) salen catalysts, 13a and 13b, was 

achieved by mixing 5:9:1 molar ratios of ethylenediamine, salicylaldehyde, and either 5 

or 11 followed by treatment with excess nickel(II) acetate.
41,91

 The product mixture 

containing approximately 10% 13a or 13b and 90%  nickel(II) salen was used to saturate 

DMF. That solution was then employed to self-assemble 13a or 13b on gold electrodes.  

2.2. Experimental Method  

2.2.1. Reagents.— The following chemicals were purchased and used as received: 

6-bromohexanoyl chloride (Alfa Aesar, 97%), anisole (Alfa Aesar, 99%), magnesium 

sulfate (Fisher), hexanes (Fisher, 99.9%), hexanes (Mallinckrodt, 98.5%), hexane (B& J 

Brand, 99.9% of C6 isomers), ethyl acetate (Fisher, 99.9%), acetone (Mallinckrodt, 

99.5%), silica gel (EMD, 60-200 mesh), zinc (Aldrich, 99.8%), HgCl2 (Alfa Aesar, 

99+%), concentrated HCl (Fisher, 37.5% assay), 48% HBr, (n-hexadecyl)tri-n-

butylphosphonium bromide (Alfa Aesar, 98%), sodium bicarbonate (Spectrum, 99.7-

100.3%), absolute alcohol (Mallinckrodt, 94-96% methanol and ethanol), thiourea (Alfa 

Aesar, 99%), KOH (VMR, min 85%), concentrated H2SO4 (Fisher, 96.1% w/w), 8-

bromooctanoic acid (Alfa Aesar, 97%), thionyl chloride (Aldrich, 99%), salicylaldehyde 

(Alfa Aesar, 99%), ethylenediamine (Alfa Aesar, 99%), acetonitrile (Fisher, 99.9%), 

chloroform (Fisher, 99.9%), nickel(II) acetate (Alfa Aesar, 98%), dimethylformamide 

(Fisher, 99.9%), ferrocene (bis(cyclopentadientyl)iron, Alfa Aesar, 99%), and nickel(II) 

salen (N,N’-bis(salicylidene)ethylenediaminonickel(II), Aldrich, 98%). TMABF4 

(tetramethylammonium tetrafluoroborate, Aldrich, 97%), used as a supporting electrolyte, 
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was stored in a vacuum oven at 60°C before use. All deaeration procedures were carried 

out with Praxair zero-grade or Air Gas zero-grade argon.   

Dichloromethane (99.8%, EM Science), unless used for extraction purpose, was 

dried with anhydrous aluminum chloride (Alfa Aesar, Reagent Grade) prior to use. 

Benzene (Alfa Aesar, 99.5%), was continuously refluxed over anhydrous calcium 

chloride (Fisher, Pellets, 4-20 mesh, for desiccators) under Praxair zero-grade or Air Gas 

zero-grade argon or nitrogen to remove water. Anhydrous diethyl ether (J.T. Baker, 

99.9%) and tetrahydrofuran (EM Science, 99.95%), were continuously refluxed over 

sodium (Aldrich, 99%) under Praxair zero-grade or Air Gas zero-grade argon or nitrogen 

to remove water. 4Å Molecular sieves (Aldrich, 8-12 mesh) were used to dry 

bromoethane (Alfa Aesar, 98%), triethylamine (Aldrich, 99%), and deuterated 

chloroform (Alfa Aesar, 99.8% (isotopic), containing 0.03% v/v TMS). Magnesium (EM 

Science, 99.5%) and paraformaldehyde powder (Alfa Aesar, 95%) were dried at 100°C 

for at least one hour prior to use.  

2.2.2. Cells, electrodes, and instrumentation.— In this paper, the electrochemical 

cell used was a glass cell (CHI222) with a cell top (CHI221) including a platinum wire as 

the counter electrode. The working electrode used was a 2 mm diameter gold working 

electrode (CHI101P). All potentials were quoted with respect to SCE but measured using 

a non-aqueous pseudo reference electrode. All electrodes were purchased from CH 

Instruments and cyclic voltammetry (CV) experiments were carried out with a CH 

Instruments model 620B electrochemical analyzer using a CHI200(B) Faraday Cage.  
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2.2.3. Separation and identification of products.— All synthesized crude 

products were characterized with the aid of an Agilent Technologies model 6890N gas 

chromatograph (GC) equipped with a flame ionization detector (FID) and a model 5973N 

mass-selective detector (MSD). The analytes were separated on 30 m x 0.25 mm Agilent 

Technologies capillary columns (HP-1 for FID and HP-5MS for MSD) with a stationary 

phase of either 1 or 5% crosslinked phenylmethylsiloxane. All compounds except 1-(8-

bromooctyl)-4-methoxybenzene were purified using silica gel column chromatography 

with ethyl acetate/ hexanes mixture as the mobile phase. Once purified, 2, 3, and 4 were 

analyzed by 
1
H, 

13
C, and DEPT NMR spectroscopy using a Varian 400 MHz NMR,  7, 9, 

10, and 11 were analyzed by 
1
H and 

13
C NMR spectroscopy using a Bruker 400 MHz 

NMR, and 1 and 5 were analyzed by 
1
H, 

13
C, and DEPT spectroscopy using both the 

Bruker 400 MHz NMR and the Varian 400 MHz NMR. 
1
H NMR spectra were labeled 

compared to previous work, and all 
13

C NMR spectra assignments are detailed in 

supplemental material.  

2.3. Synthesis of 5-(6-Sulfhydrylhexyl)salicylaldehyde 

2.3.1. Synthesis of 6-bromo-1-(4-methoxyphenyl)-1-hexanone (1).— 4.748 g of 

6-bromohexanoyl chloride (MW= 213.50 g/mol) was dissolved in approximately 10 mL 

dry dichloromethane (DCM) in a round bottom flask. 3.693 g of anhydrous AlCl3 was 

added to the round bottom flask and placed under argon with an addition funnel attached. 

2.614 g of anisole was mixed with dry DCM containing a small amount of anhydrous 

AlCl3 and added into the addition funnel. The apparatus was degassed for 15 to 20 

minutes, and the round bottom flask was chilled with ice water. After degassing, the 

anisole mixture was added dropwise over the course of 10 to 15 minutes to the substrate 
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in the chilled round bottom flask. After the addition, the mixture was stirred at room 

temperature for 3 hours under argon. The solution should become more red over that time 

period. The reaction was stirred at room temperature while open to air for another 8 hours 

before quenched with deionized water. The water was added dropwise until a reflux 

occurs. After the reaction was quenched, the aqueous layer was neutralized, and the 

mixture was extracted three times with equal amounts of DCM, dried over MgSO4, and 

concentrated under vaccuum. Impure crystals formed from the concentrate were 

recrystallized using an ethyl acetate/ hexanes mixture to give white solids. The crude 

product could also be purified first by column chromatography (5% ethyl acetate–94% 

hexanes–1% benzene using silica gel, 60-200 mesh) before recrystallization. The pure 6-

bromo-1-(4-methoxyphenyl)-1-hexanone (5.684 g, 90% yield, MW= 285.18 g/mol) was 

analyzed by GC–MS (70 eV) m/z 286, M
+
 (0.5%); 284, M

+
 (0.5%); 205, [M−Br]

+
 (3.5%); 

163, [M−(CH2)3Br]
+
 (2.0%); 150, [M−CH2=CH−(CH2)2Br]

+
 (59.0%); 135, 

[M−(CH2)5Br]
+
 (100.0%); 107, [M−CO(CH2)5Br]

+
 (6.0%); 92, [M−CO(CH2)5Br−CH3]

+
 

(8.5%); 
1
H NMR (CDCl3):  7.95 and 6.94 (2 d, 2H each, ArH), 3.87 (s, 3H, OCH3), 3.43 

(t, 2H, CH2Br), 2.94 (t, 2H, COCH2), 1.92 (q, 2H, CH2CH2Br), 1.76 (q, 2H, 

CH2CH2CH2Br), 1.53 (q, 2H, COCH2CH2); 
13

C NMR (CDCl3):  198.75 (8), 163.58 (3), 

130.44 (1,5), 130.27 (6), 113.88 (2,4), 55.62 (7), 38.09, 33.77, 32.82, 28.10, 23.72 (9 

through 15; not directly assigned).  

2.3.2. Synthesis of 1-(6-bromohexyl)-4-methoxybenzene (2).— 4.462 g of zinc 

and 0.260 g of HgCl2 were combined together, and 6 M HCl was slowly added to create 

the amalgam catalyst. After fuming, this solution was stirred for 20 minutes, and the 

catalyst was washed several times with water. The amalgam was added to a round bottom 
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flask containing 1.040 g of 1 dissolved in 30 mL of benzene, 30 mL of water, and 15 mL 

of 12 M HCl. A condenser was attached, and the reaction mixture was vigorously stirred 

for three to five days under darkness at no more than 45 to 50°C. Over that time, 5 mL of 

12 M HCl was added each day. At this temperature, zero-valent metal reduction 

catalyzed by Zn/HCl is inhibited, and the conversion of 2 to 6-hexylanisole is minor.
92

 

The crude compound was extracted three times with equal volumes of benzene, dried 

over MgSO4, and concentrated under vaccuum. The oily product was purified by column 

chromatography (5% ethyl acetate–95% hexanes using silica gel, 60-200 mesh) to 

afforded 1-(6-bromohexyl)-4-methoxybenzene (0.808 g, 82% yield, MW= 271.19 g/mol). 

GC–MS (70 eV) m/z 272, M
+
 (7.0%); 270, M

+
 (8.0%); 121, [M−(CH2)5Br]

+
 (100.0%); 

1
H 

NMR (CDCl3):  7.08 and 6.82 (2 d, 2H each, ArH), 3.78 (s, 3H, OCH3), 3.39 (t, 2H, 

CH2Br), 2.55 (t, 2H, ArCH2), 1.85 (q, 2H, CH2CH2Br), 1.59 (q, 2H, ArCH2CH2), 1.45 

(q, 2H, CH2CH2CH2Br), 1.34 (q, 2H, ArCH2CH2CH2); 
13

C NMR (CDCl3):  157.77 (3), 

134.77 (6), 129.36 (1,5), 113.82 (2,4), 55.37 (7), 34.98, 34.11, 32.87, 31.61, 28.43, and 

28.15 (8 through 13; not directly assigned).  

2.3.3. Synthesis of 4-(6-bromohexyl)phenol (3).— 3.092 g of  2, 10 to 15 ml of 

48% HBr, and 0.591 g of (n-hexadecyl)tri-n-butylphosphonium bromide were heated and 

stirred vigorously at 90 to 100°C for least 36 hours. The white phase transfer catalyst 

dissolved upon heating, and the organic layer turned to red-black. The reaction was tested 

for completeness by GC prior to the addition of water and extraction with equal amounts 

of ethyl acetate. The aqueous layer was added dropwise to sodium bicarbonate between 

each extraction, and the extractions were continued until the organic and aqueous layers 

became clear. The extracts were dried over MgSO4 and some sodium bicarbonate to 
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neutralize any residual acid and concentrated under vacuum. The red-black crude product 

was purified by column chromatography using a gradient mobile phase (5% ethyl 

acetate–95% hexanes using silica gel, 60-200 mesh, increased to 10% ethyl acetate–90% 

hexanes). The purification afforded 4-(6-bromohexyl)phenol as an oil (2.934 g, 97% 

yield, MW= 257.17 g/mol). GC–MS (70 eV) m/z 258, M
+
 (9.0%); 256, M

+ 
(10.0%); 107, 

[M−(CH2)5Br]
+
 (100.0%); 

1
H NMR (CDCl3):  7.03 and 6.75 (2 d, 2H each, ArH), 4.79 

(s, 1H, OH), 3.39 (t, 2H, CH2Br), 2.53 (t, 2H, ArCH2), 1.84 (q, 2H, CH2CH2Br), 1.58 (q, 

2H, ArCH2CH2), 1.45 (q, 2H, CH2CH2CH2Br), 1.33 (q, 2H, ArCH2CH2CH2). 
13

C NMR 

(CDCl3):  153.52 (3), 134.98 (6), 129.58 (1,5), 115.22 (2,4), 34.98, 34.14, 32.85, 31.57, 

28.40, and 28.13 (7 through 12; not directly assigned).  

2.2.4. Synthesis of 5-(6-bromohexyl)salicylaldehyde (4).— For this reaction, 

precautions were taken to limit the amount of water present. All glassware were dried in 

an oven slightly above 100°C overnight, along with paraformaldehyde powder and 

magnesium turnings. Care was taken with drying paraformaldehyde powder since at 

higher temperature the polymer will begin to degrade. The powder was covered while in 

the oven and moved to a desiccator prior to use. Additionally, all solvents were dried, and 

King seal pipe clamps were used to limit air/water vapor leakage into any apparatus. 

CaCl2 trap was placed to dry the argon flow into all apparatuses. Finally, all joints were 

greased, and glassware were kept constantly under argon for the reaction.  

0.286 g of dried magnesium turnings was added to 15 to 25 mL of dry diethyl 

ether in a 100-mL round bottom flask under a dry and inert environment. Using an 

addition funnel, at least 1.300 g of bromoethane was added dropwise while the mixture 
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was stirred. The mixture was heated slightly until the reaction started. After all of the 

magnesium reacted and a clear mixture was obtained, 2.381 g of 3 was dissolved in dry 

THF and transferred to the addition funnel containing activated 4Å molecular sieves and 

added dropwise to the Grignard reagent. A white solid should precipitate as the reaction 

mixture was stirred for 20 to 30 minutes. Subsequently, 30 mL of freshly distilled 

benzene was added to the flask, and ether and THF were distilled away under argon. 

Finally, 1.300 g of dried triethylamine and 1.043 g of dried paraformaldehyde powder 

were added. The mixture was refluxed for 3 to 6 hours under argon and then cooled to 

room temperature. The mixture should become yellow over this time period. In the end, 

approximately 40 to 60 mL of 10% aqueous HCl was added directly to the mixture and 

stirred.  

The organic layer was collected, and the aqueous phase was extracted three times 

with equal volumes of ether and once with benzene. The organic fractions were 

combined, dried over MgSO4, and concentrated under vacuum. The resulting crude 

mixture was purified by column chromatography (5% ethyl acetate–95% hexanes using 

silica gel, 60-200 mesh) to afford 5-(6-bromohexyl)salicylaldehyde as a yellow solid 

(1.296 g, 49% yield, MW= 285.18 g/mol). The crystals remained stable at room 

temperature and were recrystallized in absolute alcohol prior to subsequent use. GC–MS 

(70 eV) m/z 286, M
+
 (12.0%); 284, M

+
 (12.0%); 135, [M−(CH2)5Br]

+
 (100.0%); 

1
H NMR 

(CDCl3):  10.86 (s, 1H, ArOH), 9.87 (s, 1H, CHO), 7.36–7.34 and 6.92 (m and d, 2H 

and 1H, respectively, ArH), 3.41 (t, 2H, CH2Br), 2.60 (t, 2H, ArCH2), 1.86 (q, 2H, 

CH2CH2Br), 1.63 (q, 2H, ArCH2CH2), 1.48 (q, 2H, CH2CH2CH2Br), 1.37 (q, 2H, 

ArCH2CH2CH2). 
13

C NMR (CDCl3):  196.72 (7), 159.93 (3), 137.51 (5), 134.08 (6), 
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132.95 (1), 120.52 (4), 117.62 (2), 34.68, 34.01, 32.78, 31.29, 28.31, 28.06 (8 through 13; 

not directly assigned).   

2.3.5. Synthesis of 5-(6-sulfhydrylhexyl)salicylaldehyde (5).— Stoichiometric 

amounts of thiourea (0.175 g) and 4 (0.604 g) were added into a 100-mL round-bottom 

flask containing 15 mL of absolute ethanol. The apparatus was degassed and the solution 

was refluxed under argon for overnight. The reaction mixture was cooled to room 

temperature, the solvent was evaporated, and 25 mL of 30% w/v KOH was added. The 

apparatus was degassed for ten minutes before the mixture was reheated to reflux for 5 to 

6 hours to hydrolyze the isothiuronium salt to a potassium-based salicylaldehyde salt, 

which was then transferred into a separatory funnel containing 25 mL of 9 M H2SO4 to be 

protonated. After cooling down to room temperature, deionized water was added and the 

mixture was extracted three times with equal volumes of ether. The organic phases were 

combined, dried over anhydrous MgSO4, and the solvent was removed under vaccuum. 

The synthesis afforded 5-(6-sulfhydrylalkyl)salicylaldehyde as a yellow oil (0.287 g, 54% 

yield, MW= 238.15 g/mol). This product was air sensitive over the time and was used 

immediately. GC–MS (70 eV) m/z 238, M
+
 (16.0%); 187, [M−H2O–SH]

+
 (5.0%); 173, 

[M−H2O–CH2SH]
+
 (6.0%); 135, [M−(CH2)5SH]

+
 (100.0%); 

1
H NMR (CDCl3):  10.84 

(s, 1H, ArOH), 9.87 (s, 1H, CHO), 7.36–7.33 and 6.91 (m and d, 2H and 1H, 

respectively, ArH), 2.60 (t, 2H, ArCH2), 2.52 (q, 2H, CH2SH), 1.61 (q, 4H, ArCH2CH2 

and CH2CH2SH), 1.46–1.30 (2 m, 2H and 3H, respectively, ArCH2CH2CH2, 

CH2CH2CH2SH, and SH). 
13

C NMR (CDCl3):  196.71 (7), 159.94 (3), 137.52 (5), 

134.19 (6), 132.93 (1), 120.55 (4), 117.62 (2), 34.75, 34.00, 31.37, 28.66, 28.27, 24.70 (8 

through 13; not directly assigned).  
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2.4. Synthesis of 5-(8-Sulfhydryloctyl)salicylaldehyde  

2.4.1. Synthesis of 8-bromooctanoyl chloride (6).— 1.411 g of 8-bromooctanoic 

acid (MW= 223.11 g/mol) was placed in a 100-mL round bottom flask and approxi-

mately 10 mL of thionyl chloride was added with stirring. The apparatus was degassed 

with argon prior to further stirring for 12 hours at 60°C. The thionyl chloride was 

distilled away, and any residual solvent was quickly removed under vaccuum to avoid 

introduction of excessive moisture. This reaction yielded 1.762 g of crude 8-bromo-

octanoyl chloride (6, MW= 241.56 g/mol), which was used immediately. The acid 

chloride was not analyzed by NMR or GC-MS due to its extreme water sensitivity. 

2.4.2. Synthesis of 8-bromo-1-(4-methoxyphenyl)-1-octanone (7).— 1.762 g of 

crude 6 was dissolved in approximately 10 mL dry DCM in a round bottom flask. After 

the addition of 0.8451 g of anhydrous AlCl3 the apparatus was placed under argon with 

an additional funnel attached. Subsequently, 0.7040 g of anisole was dissolved in dry 

DCM containing a small amount of anhydrous AlCl3. The following procedures were 

analogous to the synthesis of 1.  Purification afforded 8-bromo-1-(4-methoxyphenyl)-1-

octanone as pale yellow crystals (1.602 g, 83% yield, MW= 313.23 g/mol). GC–MS (70 

eV) m/z 314, M
+
 (0.5%); 312, M

+
 (0.5%); 233, [M−Br]

+
 (2.5%); 163, [M−(CH2)5Br]

+
 

(6.5%); 150, [M−CH2=CH(CH2)4Br]
+
 (80.0%); 135, [M−(CH2)7Br]

+
 (100.0%); 107, 

[M−CO(CH2)7Br]
+
 (5.5%); 92, [M−CO(CH2)7Br−CH3]

+
 (7.5%);

1
H NMR (CDCl3):  7.94 

and 6.93 (2 d, 2H each, ArH), 3.87 (s, 3H, OCH3), 3.40 (t, 2H, CH2Br), 2.91 (t, 2H, 

COCH2), 1.86 (q, 2H, CH2CH2Br), 1.73 (q, 2H, CH2CH2CH2Br), 1.49-1.36 (m, 6H, 

COCH2CH2CH2CH2); 
13

C NMR (CDCl3):  199.05 (8), 163.37 (3), 130.32 (1,5), 130.21 
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(6), 113.71 (2,4), 55.47 (7), 38.18, 33.92, 32.77, 29.21, 28.64, 28.03, 24.46 (9 through 15; 

not directly assigned). 

2.4.3. Synthesis of 1-(8-bromooctyl)-4-methoxybenzene (8).— 0.848 g of pure 7 

was used and procedures were analogous to the synthesis of 2. The reaction afforded a 

crude 1-(8-bromooctyl)-4-methoxybenzene yellow oil (0.798 g, MW= 299.34 g/mol), 

which was used without further purification. GC–MS (70 eV) m/z 300, M
+
 (8.0%); 298, 

M
+
 (8.0%); 121, [M−(CH2)7Br]

+
 (100.0%).  

2.4.4. Synthesis of 4-(8-bromooctyl)phenol (9).— 0.798 g of crude 8 was used 

and procedures were analogous to the synthesis of 3.  Purification afforded 4-(8-

bromooctyl)phenol as an oil (0.614 g, 80% yield, MW= 285.22 g/mol). GC–MS (70 eV) 

m/z 286, M
+
 (9.0%); 284, M

+ 
(9.0%); 107, [M−(CH2)7Br]

+
 (100.0%); 

1
H NMR (CDCl3): 

 7.03 and 6.74 (2 d, 2H each, ArH), 4.59 (s, 1H, OH), 3.39 (t, 2H, CH2Br), 2.52 (t, 2H, 

ArCH2), 1.84 (q, 2H, CH2CH2Br), 1.56 (q, 2H, ArCH2CH2), 1.41 (q, 2H, CH2CH2CH2-

Br), 1.33-1.25 (m, 6H, ArCH2CH2CH2CH2CH2). 
13

C NMR (CDCl3):  153.41 (3), 

135.08 (6), 129.41 (1,5), 115.05 (2,4), 34.99, 33.99, 32.80, 31.63, 29.27, 29.07, 28.68, 

28.14 (7 through 14; not directly assigned).  

2.4.5. Synthesis of 5-(8-bromooctyl)salicylaldehyde (10).— The preparation of 

crude compound was analogous to that of 5-(6-bromohexyl)salicylaldehyde. 0.150 g of 

dried magnesium turnings, 0.700 g of dry bromoethane, 0.869 g of 9, 0.464 g of dried 

triethylamine, and 0.504 g of dried paraformaldehyde were used. Purification afforded 5-

(8-bromooctyl)salicylaldehyde as pale yellow crystals. (0.755 g, 79% yield, MW= 313.23 

g/mol). The crystals remained stable at room temperature and were recrystallized in 



31 
 

31 

 

absolute alcohol prior to subsequent use. GC–MS (70 eV) m/z 314, M
+
 (14.0%); 312, M

+
 

(14.0%); 135, [M−(CH2)7Br]
+
 (100.0%); 

1
H NMR (CDCl3):  10.84 (s, 1H, ArOH), 9.87 

(s, 1H, CHO), 7.36–7.33 and 6.91 (m and d, 2H and 1H, respectively, ArH), 3.40 (t, 2H, 

CH2Br), 2.59 (t, 2H, ArCH2), 1.85 (q, 2H, CH2CH2Br), 1.60 (q, 2H, ArCH2CH2), 1.44 

(q, 2H, CH2CH2CH2Br), 1.37-1.27 (q, 6H, ArCH2CH2CH2CH2CH2). 
13

C NMR (CDCl3): 

 196.74 (7), 159.93 (3), 137.56 (5), 134.36 (6), 132.95 (1), 120.56 (4), 117.60 (2), 34.85, 

34.10, 32.92, 31.49, 29.40, 29.13, 28.82, 28.27 (8 through 15; not directly assigned).  

2.4.6. Synthesis of 5-(8-sulfhydryloctyl)salicylaldehyde (11).— Stoichiometric 

amounts of thiourea (0.202 g) and 10 (0.664 g) were dissolved in absolute ethanol. The 

reaction was mostly analogous to the synthesis of 5. However, the extraction phase was 

quickly filtered through copious magnesium sulfate. The synthesis afforded 5-(6-

sulfhydrylalkyl)salicylaldehyde as a yellow oil (0.480 g, 85% yield, MW= 266.39 g/mol). 

GC–MS (70 eV) m/z 266, M
+
 (5.0%); 248, [M−H2O]

+
 (19.0%); 135, [M−(CH2)7SH]

+
 

(100.0%); 
1
H NMR (CDCl3):  10.84 (s, 1H, ArOH), 9.87 (s, 1H, CHO), 7.36–7.33 and 

6.91 (m and d, 2H and 1H, respectively, ArH), 2.59 (t, 2H, ArCH2), 2.52 (q, 2H, 

CH2SH), 1.61 (q, 4H, ArCH2CH2 and CH2CH2SH), 1.41–1.25 (2 m, 6H and 3H, 

respectively, ArCH2CH2CH2CH2CH2, CH2CH2CH2SH, and SH). 
13

C NMR (CDCl3):  

196.61 (7), 159.84 (3), 137.43 (5), 134.28 (6), 132.83 (1), 120.48 (4), 117.49 (2), 34.75, 

34.01, 31.39, 29.36, 29.08, 29.02, 28.36, 24.64 (8 through 15; not directly assigned).  
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2.5. Synthesis of Ni(II) Salen Catalysts with n=6 and n=8  

2.5.1. Synthesis of N,N'-bis(salicylidene)ethylenediamine with n=6 (12a) or n=8 

(12b).— To synthesize the salen ligand with single alkanethiol side chain (n=6 or n=8), 

0.567 g ethylenediamine (0.00943 mol, 5 parts) was dissolved in ethanol and added 

dropwise into a vigorously stirring chloroform or benzene solution containing 2.073 g  

salicylaldehyde (0.01698 mol, 9 parts) and 0.449 g  5-(6-sulfhydrylhexyl)salicylalde-

hyde (0.00189 mol, 1 part) under argon. After 10 to 20 minutes, the reaction mixture was 

concentrated if necessary until a yellow solid began to precipitate. The precipitate was 

isolated by vacuum filtration and washed with cold ethanol. The yellow crystals were 

then transferred to another round bottom flask and dried under vacuum and used 

immediately. The same procedure was used for synthesis of 12b using a 5:9:1 molar ratio 

of ethylenediamine (0.504 g, 0.00839 mol), salicylaldehyde (1.842 g, 0.01508 mol), and 

5-(8-sulfhydrylalkyl)salicylaldehyde (0.446 g, 0.00167 mol). 

2.5.2. Synthesis of alkanethiol modified Ni(II) salen mixture with n=6 (13a) or 

n=8 (13b).— The salen ligand mixture was immediately dissolved in chloroform and 

excess nickel(II) acetate in ethanol (2.432 g for n=6) was added dropwise under argon. 

The solution was stirred to give a dark brown precipitate. The solution was concentrated 

if too much solvent was used. The product was vacuum filtered, washed with cold 

ethanol, and stored under vacuum in a sealed vial. The product was used to saturate 40 

mL of degassed DMF prior to assembling on gold electrode. The same procedure was 

employed for the synthesis of 13b using excess nickel acetate (2.222 g for n=8).  
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2.6. Preparation of SAMs and Cyclic Voltammetry  

2.6.1. Preparing the bare Au electrode.— In order to prepare a clean Au 

electrode surface, the electrode was manually polished with 0.05 micron deagglomerated 

alumina (Buehler Gamma Micropolish II) followed by suspending the electrode in 

deionized water and sonicating for 5 to 10 minutes. This was done several times. 

Subsequently, the electrode was rinsed with deionized water and sonicated in 1.6 M nitric 

acid for one minute, followed by further polishing with alumina and sonication in 

deionized water. The Au electrode surface should have a shiny smooth appearance. The 

electrode was transferred into a DMF solution containing 0.05 M TMABF4 and degassed 

with argon for 30 minutes. The electrode was then scanned from 0 V to +1.20 V and 0 V 

to 1.80 V vs. SCE. The procedure was repeated if the CV was not clean. In that case, 

aqua regia (HCl:HNO3:water; 15 mL:5 mL:20 mL) was used instead of nitric acid to treat 

the electrode and sonicated for several seconds.   

2.6.2. Cyclic voltammetry of Ni(II) salen and salicylaldehyde in DMF.— The  

bare Au electrode was placed in a DMF solution containing 0.05 M TMABF4 and 1.94 

mM nickel(II) salen. For CV of salicylaldehyde, a DMF solution containing 0.05 M 

TMABF4 and 1.88 mM salicylaldehyde was used instead. The solutions were degassed 

with argon for 30 minutes prior to collection of any CVs. The CV scan windows were the 

following: For nickel(II) salen, CVs were obtained in the range of 0 V to +1.09 V and 

0.81 V to 1.91 vs. SCE. For salicylaldehyde, CVs were obtained in the range of    

0.11 V to 1.91 V to +1.09 V to 0.11 V vs. SCE for a continuous scan and 0.11 V to 

1.91 V and 0.11 V to +1.09 V vs. SCE for a discontinuous scan.      
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2.6.3. Coating the bare Au electrode with 5-(ω-sulfhydrylalkyl)salicyl-

aldehydes.— The bare Au electrode was placed in a degassed 1:1 chloroform:ethanol 

solution containing 4.24 mM of fresh 5. The electrode and the solution were sealed in a 

vial and placed in a vacuum desiccator at room temperature for 40 hours. The electrode 

was then washed with DMF, placed in DMF overnight, washed with more DMF, and 

sonicated briefly prior to electrochemical analysis in DMF containing 0.05 M TMABF4 

with and without ferrocene. The desorption of the thiolate was observed in CV by 

scanning negatively using the scan window of 0.58 V to 2.12 V vs. SCE. The same 

procedure was repeated for a 4.23 mM solution of 11 dissolved in degassed chloroform in 

contact with Au electrode for 37 to 64 hours using scan windows of 0 V to 2.12 V to 

+0.15 V to 0 V and 0.58 V to 2.20 V vs. SCE, respectively.  

2.6.4. Coating the bare Au electrode with alkanethiol modified Ni(II) salen with 

n=6 or 8.— The bare Au electrode was placed in a 40 mL DMF solution saturated with 

approximately 10% [nickel(II)salen]C6SH (13a) and 90% nickel(II)salen. The electrode 

and the solution were sealed in a vial and placed in a vacuum desiccator at room 

temperature for four days. The surface-modified electrode was then washed with DMF, 

placed in DMF for overnight, washed with more DMF, and sonicated briefly prior to 

electrochemical analysis. For 13b, the coating time was approximately a week.  

2.6.5. Cyclic voltammetry analysis.— Both catalyst films were studied by CV in 

DMF containing 0.05 M TMABF4 without or with ferrocene. To determine whether the 

films were robust, a [nickel(II)salen]C6S-Au film was placed in 0.012 M HCl for 

overnight after exposed to a scan window of +0.25 V to +1.20 V vs. SCE for several 
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sweeps. The electrode was then washed with copious amounts of water and DMF prior to 

analysis using a scan window of +0.41 V to 1.34 V vs. SCE. To determine whether 

nickel(II) salen binds to the gold electrode surface, the bare gold electrode was 

submerged in 3.94 mM nickel(II) salen in DMF for 43 hours, followed by washing with 

DMF prior to CV analysis in DMF containing 0.05 M TMABF4 using a scan window of 

0.20 V to 1.10 V vs. SCE.   
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CHAPTER 3. RESULTS AND DISCUSSION 

 

 3.1. CVs of Ferrocene, Nickel(II) Salen, and Salicylaldehyde at a Gold 

Electrode.— Prior to the analysis of 5-(ω-sulfhydrylalkyl)salicylaldehydes and 

[nickel(II)salen]CnSH films, cyclic voltammograms (CV) were obtained using a gold 

working electrode in DMF containing 0.05 M TMABF4 for approximately 2.10 mM 

ferrocene, 1.94 mM nickel(II) salen, and 1.88 mM salicylaldehyde at a scan rate of 100 

mV/s (Figures 18-21). The ferrocene(II)-ferrocene(III) redox couple is at approximately 

+0.44 V vs. SCE,
93

 while nickel(II) salen undergoes both oxidation and reduction 

processes.  Nickel(II) salen-nickel(I) salen and nickel(II) salen-nickel(III) salen redox 

couples can be observed at approximately 1.70 V and +0.77 V vs. SCE, respectively.
26

 

For the CV of salicylaldehyde in DMF, the reductive process taking place at 1.69 V vs. 

SCE involves an irreversible transfer of an electron to the carbonyl, followed by a 

reversible protonation of the radical anion to form an alcohol.
83

 The radical anion can 

also undergo irreversible anodic dimerization at +0.47 V vs. SCE.
83

  

3.2. Self-Assembled Monolayers on Gold                  

3.2.1. 5-(6-Sulfhydrylhexyl)salicylaldehyde and 5-(8-sulfhydryloctyl)-

salicylaldehyde on gold.— Figure 22 shows the desorption of 5-(6-sulfhydrylhexyl)-

salicylaldehyde and 5-(8-sulfhydryloctyl)salicylaldehyde from gold electrode surface in  
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Figure 18. CV of ferrocene in DMF. Cyclic voltammagrams of DMF containing 0.05 M TMABF4 

(dashed) and 2.10 mM ferrocene in DMF containing 0.05 M TMABF4 (solid) at 100 mV/s using a gold 

working electrode vs. SCE. The ferrocene(II)-ferrocene(III) couple is at +0.44 V vs. SCE.  

 

Figure 19. CV of nickel(II) salen in DMF. Cyclic voltammagrams of DMF containing 0.05 M TMABF4 

(dashed)  and 1.94 mM nickel(II) salen in DMF containing 0.05 M TMABF4 (solid) at 100 mV/s using a 

gold working electrode. The nickel(II) salen-nickel(III) salen couple is at +0.77 V vs. SCE. The nickel(II) 

salen-nickel(I) salen couple is at −1.70 V vs. SCE. 
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Figure 20. CV of salicylaldehyde in DMF (1). Cyclic voltammagram of 1.88 mM salicylaldhyde in DMF 

containing 0.05 M TMABF4 at 100 mV/s using a gold working electrode with separate positive and 

negative scans.  

 

Figure 21. CV of salicylaldehyde in DMF (2). Cyclic voltammagrams of DMF containing 0.05 M 

TMABF4 (dashed)  and 1.88 mM salicylaldhyde in DMF containing 0.05 M TMABF4  (solid) at 100 mV/s 

using a gold working electrode. The solid CV was scanned from −0.11 V to −1.91 V to +1.09 V to −0.11 

V.  



39 
 

39 

 

DMF containing 0.05 M TMABF4 after 40 and 64 hours of submersion  in 4.24 and 4.23 

mM of the corresponding thiol solutions, respectively. The CVs of the alkylthiolate films  

on gold are consistent with the electrochemical features previously assigned to many 

thiolate SAMs on gold.
54,82,94

 The immobilized alkylthiolate undergoes an irreversible 

one-electron reduction to form alkylthiolate anions (RCHnS
−). Subsequent scans (Figures 

23 and 24) show that the reduction current decreases and the peak potential shifts slightly 

positively, indicating the desorption of monolayer.
51

 Nevertheless, Figures 22-24 do not 

show an anodic process which corresponds to the fast oxidative readsorption of 

alkylthiolate anions onto gold, which could take place for some alkanethiols in aq. 

KOH.
82

 The reduction potentials of the two thiolate films for the first scans are 1.89 V 

and 1.85 V vs. SCE, respectively. These potentials may vary slightly over a potential 

range because the development of the films are dependent on several factors such as 

cleanliness of the electrode surface, the purity and concentration of the assembly solution, 

the surface smoothness, and immersion time.
77

 Ideally, longer alkane chain lengths would 

have a slightly more negative desorption potential with similar surface coverage, but it is 

not that obvious in our case.
77

 Figures 22 to 24 also indicate that more 5-(8-

sulfhydryloctyl)salicylaldehyde molecules are self-assembled to form an ordered 

alkylthiolate film on the gold surface, likely due to the longer coating time, the better 

solvent system (chloroform is a much better solvent than ethanol), and a longer chain 

length. However, using DMF containing 0.05 M TMABF4 and 2 mM ferrocene (not 

shown), the corresponding CVs show that the coatings on gold electrode only slightly 

affect the redox features of ferrocene(II)-ferrocene(III) couple, indicating that the thiolate 

films have an effect on the diffusion of ferrocene to the electrode surface.  



40 
 

40 

 

 

Figure 22. CVs of the desorption of 5-(ω-sulfhydrylalkyl)salicylaldehydes on gold (first scans). Cyclic 

voltammagrams of 5-(6-sulfhydrylhexyl)salicylaldehyde (solid) and 5-(8-sulfhydryloctyl)salicylaldehyde 

(dashed) on gold in DMF containing 0.05 M TMABF4 at 100 mV/s. 5-(6-Sulfhydrylhexyl)salicylaldehyde 

was assembled onto a submerged bare gold electrode from a 4.24 mM 50:50 chloroform:ethanol solution 

for 40 hours. 5-(8-Sulfhydryloctyl)salicylaldehyde was assembled onto a submerged bare gold electrode 

from a 4.23 mM chloroform solution for 64 hours. The reductive desorption potential of the first sweep are 

−1.89 and −1.85 V vs. SCE, respectively. 

 

Figure 23. CVs of the desorption of 5-(6-sulfhydrylhexyl)salicylaldehyde on gold. Cyclic 

voltammagrams of 5-(6-sulfhydrylhexyl)salicylaldehyde on gold in DMF containing 0.05 M TMABF4 at 

100 mV/s. The CVs show the desorption of monolayer into the solution with continuous scans.                  

Q = 1.25 x 10
-6

 C and estimated surface coverage = 1.03 x 10
-10 

mol/cm
2
. 
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Figure 24. CVs of the desorption of 5-(8-sulfhydryloctyl)salicylaldehyde on gold. Cyclic 

voltammagrams of 5-(8-sulfhydryloctyl)salicylaldehyde on gold in DMF containing 0.05 M TMABF4 at 

100 mV/s. The CVs show the desorption of monolayer into the solution with continuous scans.                   

Q = 4.41 x 10
-6

 C and estimated surface coverage = 3.64 x 10
-10 

mol/cm
2
. 

 

 

Figure 25. CV of the desorption of 5-(8-sulfhydryloctyl)salicylaldehyde on gold (first scan/expanded 

scan window). Cyclic voltammagram of 5-(8-sulfhydryloctyl)salicylaldehyde on gold in DMF containing 

0.05 M TMABF4 at 100 mV/s. 5-(8-Sulfhydrylhexyl)salicylaldehyde was assembled onto a submerged bare 

gold electrode from a 4.23 mM chloroform solution for 37 hours. The reductive desorption potential for the 

first sweep is −1.84 V vs. SCE and the anodic dimerization occurs at −0.07 V vs. SCE.  
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Figure 25 illustrates the desorption of a 5-(8-sulfhydryloctyl)salicylaldehyde film 

from gold after 37 hours of submersion in a 4.23 mM thiol solution. The reduction peak 

current and potential are similar to the data for 64 hours of coating time. However, 

scanning more positively after desorption gives a small anodic peak at 0.07 V vs. SCE, 

which maybe the evidence for the irreversible anodic dimerization of radical anions to 

form the disulfide through a two-electron process. These results are similar to those 

previously reported for the self-assembly of diphenyl disulfide and thiophenol onto 

gold.
54

 On the other hand, since this anodic peak is very small, it is also possible that the 

alkylthiolate anions may slowly readsorb on the gold electrode as the current of the 

reductive process would noticeably increase between repeating scans if there are several 

minutes of interval.  

 3.2.2. [Nickel(II)salen]CnSH films.— A bare gold electrode was submerged in 

3.94 mM nickel(II) salen dissolved in DMF for 43 hours and tested in DMF containing 

0.05 M TMABF4. Figure 26 shows that nickel(II) salen does not bind to the Au surface 

by itself. A DMF solution saturated with a catalyst mixture of approximately 10% 

[nickel(II)salen]CnSH and 90% nickel(II) salen was also used to coat the gold electrode 

via self-assembly. Figure 27 depicts the typical positive CV scans for the immobilized 

[nickel(II)salen]C6S-Au film. The anodic peak at +0.86 V decreases significantly after 

first scan and the oxidation is an irreversible process. Since nickel(II) salen can 

electrochemically polymerize on the electrode surface in aprotic organic solvents via 

oxidation, this CV response is likely due to the electrochemical chain polymerization of 

nickel(II) salen immobilized on gold.
36,38

 Because DMF has a high solvent coordination 

ability, it also stabilizes the nickel salen catalyst in an octahedral complex by axial  
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Figure 26. CV for a gold electrode after submerged in DMF containing nickel(II) salen.  Cyclic 

voltammagram for gold electrode in DMF containing 0.05 M TMABF4 at 100 mV/s after submerged in 

3.94 mM nickel(II) salen dissolved in DMF for 43 hours (solid). The dotted line is the cyclic 

voltammagram of 0.70 mM nickel(II) salen.   

 

Figure 27. CVs of the electrochemical chain polymerization of a [nickel(II)salen]C6S-Au film. Cyclic 

voltammagrams from +0.25 to +1.20 V vs. SCE showing oxidative electrochemical chain polymerization of 

a [nickel(II)salen]C6S-Au film in DMF containing 0.05 M TMABF4 at 100 mV/s where the anodic 

potential of the first sweep is +0.86 V vs. SCE. A bare gold electrode was submerged for four days in a 

DMF solution saturated with 10% [nickel(II)salen]C6SH and 90% nickel(II) salen prior to the CVs. 



44 
 

44 

 

 

Figure 28. CVs of the electrochemical chain polymerization of a [nickel(II)salen]C8S-Au film. Cyclic 

voltammagrams from +0.25 to +1.25 V vs. SCE showing oxidative electrochemical chain polymerization of 

[nickel(II)salen]C8S-Au film in DMF containing 0.05 M TMABF4 at 100 mV/s where the anodic potential 

of the first sweep is +0.91 V vs. SCE. A bare gold electrode was submerged for one week in a DMF 

solution saturdated with a mixture of 10% [nickel(II)salen]C8SH and 90% nickel(II)salen prior to the CVs. 

 

Figure 29. CVs of the electrochemical chain polymerization of [nickel(II)salen]CnS-Au films vs. 

nickel(II) salen in DMF. Cyclic voltammagrams from +0.25 to +1.25 V vs. SCE showing oxidative 

electrochemical chain polymerization of [nickel(II)salen]C6S-Au film (solid) and [nickel(II)salen]C8S-Au 

film (dashed) in DMF containing 0.05 M TMABF4 at 100 mV/s. The dotted line is the CV 1.94 mM 

nickel(II) salen in DMF containing 0.05 M TMABF4 at 100 mV/s.  
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ligation.
36,38

 This effect usually makes close-packed stack polymerization impossible, but 

does not impede chain polymerization since the phenolic portion of the ligand is free of 

substituents at the ortho and para positions.
36,38 

Stack polymerization is also less possible 

due to the orientation of the catalyst molecules in the SAMs on gold. Thus, chain 

polymerization is more likely to take place and following this process a more negative 

redox CV peak is observed for the reduction of polymerized film (Figures 31 and 32). 

The same behavior can also be observed for [nickel(II)salen]C8S-Au films with an anodic 

CV potential at +0.91 V vs. SCE (Figure 28). Both of these anodic potentials are slightly  

 

Figure 30. Electrochemical chain polymerization of a [nickel(II)salen]CnS-Au film in DMF. An 

illustration of a poly[(nickel(II)salen)]CnS-Au film on a gold working electrode after the electrochemical 

chain polymerization through the ortho and para positions of the exposed ligand.  

more positive than the free nickel(II) salen-nickel(III) salen couple at +0.77 V vs. SCE, a 

characteristic behavior for a metal complex that is bound to electrode surface (Figure 

29).
86

 The proposed structure of the polymer, poly[(nickel(II)salen)]CnS-Au, is illustrated 

in Figure 30. 
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Figure 31. CV of the reduction of poly[nickel(II)salen]C6S-Au film. Cyclic voltammagram from +0.25 

to −1.40 V vs. SCE showing the reduction of poly[nickel(II)salen]C6S-Au film (solid) in DMF containing 

0.05 M TMABF4 at 100 mV/s (solid) where the redox potential is at −0.56 V vs. SCE. Also shown is the 

CVs before polymerization (gray) and after desorption (dashed) of the catalyst.  

 

Figure 32. CV of the reduction of poly[nickel(II)salen]C8S-Au film. Cyclic voltammagram from +0.25 

to −1.20 V vs. SCE showing the reduction of poly[nickel(II)salen]C8S-Au film (solid) in DMF containing 

0.05 M TMABF4 at 100 mV/s where the redox potential is −0.56 V vs. SCE. Also shown is the CVs before 

polymerization (gray) and after desorption (dashed) of the catalyst.  
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Figure 33. CVs of the reduction of poly[nickel(II)salen]CnS-Au films. Cyclic voltammagrams showing 

the reduction of poly[nickel(II)salen]C6S-Au film (solid) and poly[nickel(II)salen]C8S-Au film (dotted) in 

DMF containing 0.05 M TMABF4 at 100 mV/s. 

 

Figure 34. CVs of ferrocene in DMF before and after desorption of poly[nickel(II)salen]C6S-Au film. 

Cyclic voltammagrams of 2.1 mM ferrocene  in DMF containing 0.05 M TMABF4  at (a) bare gold 

electrode and the surface-modified gold electrode (b) before or (c) after the desorption of 

poly[nickel(II)salen]C6S-Au film with a scan rate of 100 mV/s. The larger peak separation with decreased 

peak current for the ferrocene(II)-ferrocene(III) couple in curve (b) indicates that a film is present on the 

gold surface.  
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Figure 35. CVs of ferrocene in DMF before and after desorption of poly[nickel(II)salen]C8S-Au film. 

Cyclic voltammagrams of 2.4 mM ferrocene in DMF containing 0.05 M TMABF4  at (a) bare gold 

electrode and the surface-modified gold electrode (b) before or (c) after the desorption of 

poly[nickel(II)salen]C8S-Au film with a scan rate of 100 mV/s.  

 

Figure 36. CVs of ferrocene in DMF before desorption of poly[nickel(II)salen]CnS-Au films. Cyclic 

voltammagrams of 2.1 mM and 2.4 mM ferrocene in DMF containing 0.05 M TMABF4 at the surface-

modified gold electrode before the desorption of poly[nickel(II)salen]C6S-Au film (solid) and 

poly[nickel(II)salen]C8S-Au film (dotted) with a scan rate of 100 mV/s.   
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Prior to polymerization of the nickel salen catalyst on the gold surface, the 

negative CV scan before the desorption of the film was taken but no electrochemical 

activity was detected in this region (Figures 31-32). However, after polymerization both 

films gave rise to a redox couple at 0.56 V vs. SCE with similar currents (Figure 33). 

This reversible peak could be assigned to the reduction of polymerized nickel salen. For a 

metal complex that is bound to an electrode surface, ideally the ∆Ep between the redox 

peak potentials is zero, though deviation is commonly observed in experiments. This 

phenomenon can be attributed to (1) a change in solvation of the redox molecule, (2) a 

change in intermolecular interactions between the redox centers, or (3) structural 

alteration of the monolayer according to Nielson et al.
41

 Since chain polymerization can 

occur, it may bring out nonideal conditions on the surface to cause this distortion in CV. 

Furthermore, this result suggests that the immobilized catalyst not be capable of reducing 

many organohalides, which usually takes place at much more negative potentials.
26

 Our 

data also shows that after desorption of the alkylthiolate monolayer, the redox couple at 

0.56 V disappears, indicating that this CV signal is directly related to the monolayer and 

specifically the polymerized nickel salen on gold electrode. 

Figures 34-36 illustrate the effect of the coated gold electrodes on the CVs of 

ferrocene dissolved in DMF containing 0.05 M TMABF4. For both poly[nickel(II)salen] 

modified gold electrodes, the peak separation of the Fc(II)-Fc(III) redox couple increases 

with decreased currents, strongly suggesting that the film act as a blocking layer on the 

surface. Figure 34 and 35 also show that the reversibility of ferrocene can be restored 

after the desorption process.  These results demonstrate that both modified gold 

electrodes have ordered films (though not very dense) covering the surface.
95

 Figures 37-
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40 show the desorption of poly[nickel(II)salen]CnS-Au films in DMF containing 0.05 M 

TMABF4 with the reductive desorption peaks at 2.04 and 2.02 V vs. SCE, respectively.  

The continuous CV scans show a decrease in the current and a positive potential shift, 

indicating desorption of the monolayer.
51

 Figure 39 also gives each of the three 

characteristics involved in the desorption of poly[nickel(II)salen]C6S-Au films: the 

reductive desorption, the readsorption of alkylthiolate anions at 1.64 V vs. SCE, and the 

dimerization of the anions at 0.02 V vs. SCE.
54,82,94

 However, the readsorption process 

is less obvious for poly[nickel(II)salen]C8S-Au film and the reason is not clear at this 

point (Figure 40).  

In order to determine which film is more ordered, the peak currents for 

polymerization (Figure 29) and desorption (Figure 40) of each film are compared, and the 

estimated surface coverage of the polymer films is calculated. It is ideal that longer 

alkane chain length should afford more densely packed films. At first glance, the larger 

current indicates that more [nickel(II)salen]C6SH may assemble on gold over the allotted 

time in our case.
77

 To confirm this, both desorption processes were integrated to obtain 

the charge Q to calculate an estimated surface coverage  for the polymerized films (see 

Figures 37 and 38). The estimated surface coverage for poly[nickel(II)salen]C6S-Au 

and poly[nickel(II)salen]C8S-Au films are 5.64 x 10
-11

 and 3.11 x 10
-11

 mol/cm
2
, 

respectively indicating that poly[nickel(II)salen]C6S-Au developed a slightly more 

ordered polymerized film. Since the alkylthiolate film development is affected by several 

factors and significantly by concentration of the catalyst in the coating solution, it is 

likely that the lower solubility of [nickel(II)salen]C8SH in DMF causes this 

discrepancy.
51,77

 Finally, the robustness of poly[nickel(II) salen]C6S-Au film 
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Figure 37. CVs of the desorption of poly[nickel(II)salen]C6S-Au film in DMF. Cyclic voltammagrams 

from −1.00 to −2.15 V vs. SCE showing the desorption of poly[nickel(II)salen]C6S-Au film in DMF 

containing 0.05 M TMABF4 at 100 mV/s. The reductive desorption potential of the first sweep is −2.04 V 

vs. SCE. Q = 6.84 x 10
-7

 C. The estimated surface coverage for poly[nickel(II)salen]C6S-Au is             

5.64 x 10
-11

 mol/cm
2
. 

 

Figure 38. CVs of the desorption of poly[nickel(II)salen]C8S-Au film in DMF. Cyclic voltammagrams 

from −1.00 to −2.23 V vs. SCE showing the desorption of poly[nickel(II)salen]C8S-Au film on gold in 

DMF containing 0.05 M TMABF4 at 100 mV/s. The reductive desorption potential of the first sweep is 

−2.02 V vs. SCE. Q = 3.77 x 10
-7

 C. The estimated surface coverage for poly[nickel(II)salen]C6S-Au is        

3.11 x 10
-11

 mol/cm
2
. 
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Figure 39. CV of the desorption of poly[nickel(II)salen]C6S-Au film in DMF (first scan/expanded 

scan window). Cyclic voltammgram from +0.30 to −2.15 V vs. SCE showing the desorption of 

poly[nickel(II)salen]C6S-Au film on gold in DMF containing 0.05 M TMABF4 at 100 mV/s in four 

segments. Readsorption of alkylthiolate anions is observed as an anodic peak at −1.64 V vs. SCE. 

Dimerization of the anions occurs at −0.02 V vs. SCE. 

 

Figure 40. CVs of the desorption of poly[nickel(II)salen]CnS-Au films in DMF. Cyclic voltammagrams 

from −1.0 to −2.23 V vs. SCE showing the desorption of poly[nickel(II)salen]C6S-Au film (solid) and 

poly[nickel(II)salen]C8S-Au film (dotted) in DMF containing 0.05 M TMABF4 at 100 mV/s.  
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Figure 41. CVs of the reduction of poly[nickel(II)salen]C6S-Au film before and after treatment with 

0.012 M HCl. Cyclic voltammagrams from +0.41 to −1.34 V vs. SCE showing poly[nickel(II)salen]C6S-

Au film in DMF containing 0.05 M TMABF4 at 100 mV/s before (solid) and after (dotted) treatment with 

0.012 M HCl for 24 hours.  

was tested by submerging the coated electrode in 0.012 M aq. HCl for overnight and 

collecting the CV afterwards (Figure 41). After 24 hours, the polymer film remained on 

the gold electrode surface as the redox couple at 0.56 V was still detectable, indicating 

the film can stand low acidic concentrations. 

3.2.3. Final remarks.— In conclusion, 5-(6-sulfhydrylhexyl)salicylaldehyde and 

5-(8-sulfhydryloctyl)salicylaldehyde were synthesized and self-assembled on gold 

working electrode for CV analysis. It was found that their SAM films only slightly affect 

the diffusion of ferrocene to the electrode surface and the corresponding desorption 

process in DMF gives characteristic CV features. These two compounds were also used 

to synthesize [nickel(II)salen]C6SH and [nickel(II)salen]C8SH to be self-assembled on 

gold working electrode for CV analysis. It was shown that both [nickel(II)salen]CnS-Au 

films could undergo electrochemical chain polymerization to form poly[nickel(II) 
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salen]CnS-Au films. These polymerized films can more efficiently block the diffusion of 

ferrocene to the electrode surface and are stable in slightly acidic solutions. Moreover, 

the polymerized films give a redox peak at −0.56 V vs. SCE, indicating that the surface-

modified Au electrode could be used for detection of some substrates via electrocatalytic 

oxidation or reduction. Finally, the desorption process for the polymer films can also be 

detected in the CV in DMF.  

3.3. Future Research.— For future research, there are many other aspects that 

could be further examined. Some are the following: (1) isolation and analytical 

characterization of pure [nickel(II)salen]C6SH and [nickel(II)salen]C8SH, (2) synthesis of 

[cobalt(II) salen]C6SH and [cobalt(II)salen]C8SH, (3) synthesis of symmetrical disulfides 

from 5-(ω-sulfhydrylalkyl)salicylaldehydes in high yield to make the catalyst 

[metal(II)salen]CnS-SCn[metal(II)salen], and (4) development of ―bulky‖ metal salens or 

salophens by using specially designed ethylenediamine and salicylaldehyde derivatives. 

Aspects 3 and 4 will be discussed in detail. 

3.3.1. Proposed changes to methodology for [nickel(II)salen]CnS-Au film 

development.— To obtain well coated [nickel(II)salen]CnS-Au films consistently could 

be rather difficult through direct synthesis and self-assembly by the method discussed in 

this thesis. The low amount of the [nickel(II)salen]CnSH present in the synthesized 

mixture and its low solubility in DMF make the coating process take a long period of 

time. Morever, the immobilized films are less predictable and comparable due to the 

uncertain amounts of the catalysts dissolved in DMF. An alternative method should be 

developed so that [nickel(II)salen]CnSH films on gold electrode can be formed more 
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easily for electrochemical studies. The following sections will discuss two possible routes 

where the concentration of the catalyst in solution might be controlled for future research.  

3.3.2. [Metal salen] disulfides.— Oxidation of sulfhydryl groups is synthetically 

important for the formation of disulfides.
96

 It is particularly interesting to oxidize 5-(-

sulfhydrylalkyl)salicylaldehydes because various asymmetrical and symmetrical dialkyl 

disulfides can assemble efficiently on a gold surface at room temperature.
97

 Symmetrical 

disulfides from 5-(ω-sulfhydrylalkyl)salicylaldehydes, which have not been previously 

synthesized, should also be able to assemble on gold to form an analogous gold-

alkylthiolate monolayer because unlike thiols, the disulfides are much less prone to air 

oxidation and therefore easier to isolate or purify.
81

 It could be  an attractive starting 

material for the development of [metal salen]CnS-Au films (see Figure 42).   

To selectively oxidize 5-(-sulfhydrylalkyl)salicylaldehydes to a symmetrical 

disulfide, a method reported by Yiannios et al. could be employed. The disulfides could 

be synthesized using dimethylsulfoxide (DMSO) at 80 to 90˚C in high yield (see Eq. 6).
98

 

The by-product dimethylsulfide could be converted back to DMSO upon exposure  

2 mol RSH + 1 mol (CH3)2SO → 1 mol (CH3)2S + 1 mol RSSR + 1 mol H2O (Eq. 6)
 98 

to oxygen. The authors suggested that their method should not affect other oxidizable 

sites such as aldehyde or amino groups. Consequently, the synthesis of symmetrical 

disulfides from 5-(ω-sulfhydrylalkyl)salicylaldehydes might be possible using this 

methodology since salicylaldehyde has been shown to be stable in DMSO at 110˚C for 

several hours.
99

 On the basis of that, the disulfides could be employed as the precursors 

for making the new salen ligands (Figure 42). Since it has been shown that metal acetates 
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Figure 42. Proposed synthesis of salen ligand on gold using disulfides. An illustration of the proposed 

(a) symmetrical disulfides from 5-(ω-sulfhydrylalkyl)salicylaldehydes and (b) corresponding salen ligand 

complexes and their self-assembly onto gold from chloroform.      

and chlorides can be used to coordinate metal ions into self-assembled salen ligands on 

gold, this strategy might be helpful to develop consistent, well controlled, and very dense 

[metal salen]CnS-Au films using a concentrated salen ligand solution.
41

  

3.3.3. Proposed synthesis of new “bulky” salen and salophen ligands.— Nielson 

et al. reported the first example of thiol-derivatized salen complexes self-assembled onto 

gold via p-acylthio(phenylacetylene)n-substituted chiral salen ligands (n=1 and 2).
41

 

Interestingly, they synthesized a free amine from the condensation reaction of 

commercially available (1S,2S)-1,2-diphenylethylenediamine and 3,5-di-tert-

butylsalicylaldehyde (see Figures 43 and 44). A further 1:1 condensation reaction with p-

a 

b 
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acylthio(phenylacetylene)n derivatized salicylaldehyde would give the desired salen 

ligands.
13

 This was followed by deprotection of the sulfur, immobilization of the ligand, 

and metal coordination of the immobilized films to develop the surface-modified gold 

electrode.          

 As Figure 44 shows, several similar amines and their synthetic routes have also 

been published.
100-101

 By synthesizing these amines and reacting them with 5-(ω-

sulfhydrylalkyl)salicylaldehydes, pure salen or salophen ligands with an alkanethiol side 

chain could be obtained for self-assembly onto gold. The metal ions can be subsequently 

coordinated into the ligand film from a metal acetate solution.  For example, reacting c in 

 

Figure 43. p-Acylthio(phenylacetylene)n-substituted chiral salen ligands (n=1 and 2). A 1:1 

condensation reaction with p-acylthio(phenylacetylene)n derivatized salicylaldehyde and a free amine made 

desired salen ligands. From ref 41. 

Figure 44 with 5-(ω-sulfhydrylalkyl)salicylaldehydes would likely lead to a high yield of 

a salophen ligand containing a single side alkanethiol side chain (Figure 45). Once 
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metallated, these films might still undergo polymerization like [nickel(II)salen]CnS-Au 

films at the phenolic sites of the ligand since oxidative coupling is not inhibited as the 

ortho and para positions are free of substituents.
36,38

 However, by reacting a or b (Figure 

44) with 5-(ω-sulfhydrylalkyl)salicylaldehydes, the corresponding chain polymerization 

      

Figure 44. Several examples of syntheses of free amines from the condensation reaction of various 

diamines and salicylaldehydes. These can be used to synthesize salen and salophen ligands with an 

alkanethiol side chain via a 1:1 molar reaction. From ref. 41, 100, and 101.
 

of the film might be inhibited. Additionally, it would be interesting to see if 5-(ω-

sulfhydrylalkyl)salicylaldehyde or their symmetrical disulfides could be assembled onto 

gold and used as a linker molecule to develop the catalyst SAMs in a stepwise fashion. 
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New ―bulky‖ thiol-derivatized salen or salophen complexes synthesized by this 

methodology could be potentially used in various electrochemical applications. 

 

Figure 45. Proposed synthesis of salophen ligand with a single alkanethiol side chain. reacting c in 

Figure 44 with 5-(ω-sulfhydrylalkyl)salicylaldehydes would likely lead to a high yield of a salophen ligand 

containing a single side alkanethiol side chain. 
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SUPPLEMENTAL MATERIAL 

 

 Before any NMR spectrum was collected, all 
1
H and 

13
C spectra were predicted 

using two software packages: (1) NMRShiftDB software that is available for free online 

through web-based java and software download and (2) Advanced Chemistry 

Development (ACD/Labs) Software V11.02 (© 1994-2011 ACD/Labs) available through 

SciFinder.
102,103

 All NMR spectra were obtained using deuterated chloroform containing 

0.03% v/v TMS as the solvent. 1-(8-Bromooctyl)-4-methoxybenzene, the precursor of 5-

(8-sulfhydryloctyl)salicylaldehyde, was the only compound that was analyzed solely 

using GC-MS because it was not purified. However, its NMR spectra should be very 

similar to that of 1-(6-bromohexyl)-4-methoxybenzene. DEPT NMR spectra were not 

obtained for any precursor of 5-(8-sulfhydryloctyl)salicylaldehyde. All major impurities 

in NMR spectra were identified and usually were water (
1
H NMR (CDCl3): 1.56 (s); 

13
C 

NMR: none), acetone (
1
H NMR (CDCl3): 2.17 (s); 

13
C NMR (CDCl3): 207.07 (CO), 

30.92 (CH3)), residue solvents, preservatives, etc.
104,105
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MS of 6-bromo-1-(4-methoxyphenyl)-1-hexanone  
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1
H NMR (CDCl3/0.03% v/v TMS) of 6-bromo-1-(4-methoxyphenyl)-1-hexanone
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13
C NMR (CDCl3/0.03% v/v TMS) of 6-bromo-1-(4-methoxyphenyl)-1-hexanone                        
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DEPT NMR (CDCl3/0.03% v/v TMS) of 6-bromo-1-(4-methoxyphenyl)-1-hexanone 
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MS of 1-(6-bromohexyl)-4-methoxybenzene 
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1
H NMR (CDCl3/0.03% v/v TMS) of 1-(6-bromohexyl)-4-methoxybenzene  
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13
C NMR (CDCl3/0.03% v/v TMS) of 1-(6-bromohexyl)-4-methoxybenzene  
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DEPT NMR (CDCl3/0.03% v/v TMS) of 1-(6-bromohexyl)-4-methoxybenzene  
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MS of 4-(6-bromohexyl)phenol  
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1
H NMR (CDCl3/0.03% v/v TMS) of 4-(6-bromohexyl)phenol  
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13
C NMR (CDCl3/0.03% v/v TMS) of 4-(6-bromohexyl)phenol  
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DEPT NMR (CDCl3/0.03% v/v TMS) of 4-(6-bromohexyl)phenol  
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MS of 5-(6-bromohexyl)salicylaldehyde 
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1
H NMR (CDCl3/0.03% v/v TMS) of 5-(6-bromohexyl)salicylaldehyde 
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13
C NMR (CDCl3/0.03% v/v TMS) of 5-(6-bromohexyl)salicylaldehyde 
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DEPT NMR (CDCl3/0.03% v/v TMS) of 5-(6-bromohexyl)salicylaldehyde 
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MS of 5-(6-sulfhydrylhexyl)salicylaldehyde 
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1
H NMR (CDCl3/0.03% v/v TMS) of 5-(6-sulfhydrylhexyl)salicylaldehyde  
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13
C NMR (CDCl3/0.03% v/v TMS) of 5-(6-sulfhydrylhexyl)salicylaldehyde  
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 DEPT NMR (CDCl3/0.03% v/v TMS) of 5-(6-sulfhydrylhexyl)salicylaldehyde  
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MS of 8-bromo-1-(4-methoxyphenyl)-1-octanone 
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1
H NMR (CDCl3/0.03% v/v TMS) of 8-bromo-1-(4-methoxyphenyl)-1-octanone  
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13
C NMR (CDCl3/0.03% v/v TMS) of 8-bromo-1-(4-methoxyphenyl)-1-octanone  
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MS of 1-(8-bromooctyl)-4-methoxybenzene 
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MS of 4-(8-bromooctyl)phenol  
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1
H NMR (CDCl3/0.03% v/v TMS) of 4-(8-bromooctyl)phenol  
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13
C NMR (CDCl3/0.03% v/v TMS) of 4-(8-bromooctyl)phenol  

  

acetone = 30.92 ppm 
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MS of 5-(8-bromooctyl)salicylaldehyde  
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1
H NMR (CDCl3/0.03% v/v TMS) of 5-(8-bromooctyl)salicylaldehyde  
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13
C NMR (CDCl3/0.03% v/v TMS) of 5-(8-bromooctyl)salicylaldehyde  
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MS of 5-(8-sulfhydryloctyl)salicylaldehyde  

 

 

  

4
0

6
0

8
0

1
0

0
1

2
0

1
4

0
1

6
0

1
8

0
2

0
0

2
2

0
2

4
0

2
6

0
2

8
0

0 5

1
0

1
5

2
0

2
5

3
0

3
5

4
0

4
5

5
0

5
5

6
0

6
5

7
0

7
5

8
0

8
5

9
0

9
5

m
/

z
-

-
>

A
b

u
n

d
a

n
c

e

S
c

a
n

 
1

5
6

6
 

(
2

2
.

9
3

9
 

m
in

)
:

 
T

H
I

O
L

 
8

 
M

S
 

2
.

D

1
3

5

2
4

8

7
7

1
0

7

1
5

9
1

4
8

2
6

6
4

1
1

2
1

5
5

1
7

7
9

1
2

1
5

1
9

1
2

3
1

6
6

2
0

2
2

7
8

3
0



92 
 

92 

 

1
H NMR (CDCl3/0.03% v/v TMS) of 5-(8-sulfhydryloctyl)salicylaldehyde  
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water 
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13
C NMR (CDCl3/0.03% v/v TMS) of 5-(8-sulfhydryloctyl)salicylaldehyde  
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