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Chapter 1 

General Introduction 
 

1.1 Metals used in the electrical industry application 

Nowadays, in modern society, the daily activities are very closely linked to the use of 

electricity because many appliances are used in daily life. In the electrical industry, metals are an 

indispensable resource with a multitude of applications. Metals are important to a high energy 

society: they transport electricity in the electrical grid, and provide many other services. Many 

materials are used to transmit electrical energy but those most frequently specified for types of 

conductors are gold, silver, copper, high strength copper alloys, steel, nickel, and aluminum. The 

conductive metals have the different level of conductivity – some obviously being better than 

others (Table 1.1). 

Gold - Gold has a highest resists oxidation, but its lower conductivity and more 

expensive. As a result gold is used to plate connectors, whose connection may degrade if the 

surface is oxidized. 

Silver - Silver has a highest conductivity than all metals, but isn't used widely due to its 

cost. But it is used in some areas with extremely low resistance, such as in sensitive scientific 

instruments; and also in the electrical contacts in the switch. 

Aluminum - Aluminum has conductivity lower than copper, but it cheaper and lighter 

than copper. The aluminum wire with the same conductivity as copper wire would be physically 

thicker, but would still work out to be lighter. 

 Copper – Copper is the most widely used conductor material. Its physical properties are 

high electrical and thermal conductivity, ductility, malleability and solder ability, high melting 
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point. Therefore, copper is an irreplaceable in many fields: from electrical engineering to 

buildings to computer and integrated circuit manufacture. 

 Nickel – Nickel has good properties, which include electrical conductivity, magnetic 

permeability, thermal conductivity, thermal expansion, hardness, strength, formability, and 

ability to be soldered, brazed or welded. The applications range of nickel is very large from very 

large electronic pieces to nano-scale technology. 

Table 1.1. The physical properties of metals used in the electrical application 

Material 

Resistivity Conductivity Thermal 
Conductivity 

Density Melting 
point  

(Ohm.m,  
20 oC) 

(Siemens/m) (W/m.k) (g/cm3) °C 

Silver 1.59 x 10-8 6.29 x 107 427 10,5 961 

Copper 1.68 x 10-8 5.95 x 107 401 8,9 1083 

Gold 2.35 x 10-8 4.10 x 107 317 19,4 1064 

Aluminum 2.65 x 10-8 3.50 x 107 237 2,7 660 

Nickel 6.99 x 10-8 1.43 x 107 91 8,8 1455 

Iron 9.71 x 10-8 1.03 x 107 80 7,9 1528 

 
Metal oxide – Most of metals are oxidized by oxygen in air.  The initial oxidation of a 

bare metal surface is generally understood to begin with the adsorption of O2, which 

subsequently dissociates into adsorbed atomic oxygen [1].  The O atoms then covalently bond to 

adjacent metal atoms, weakening the attachment of the latter to the metal crystal.  This is 

followed by the place exchange of a metal and an O2- ion at the metal/gas interface resulting in 

the formation of the first one or two monolayers of oxide.   
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oxide layer thickness increased rapidly. Since the oxide film formed on the copper surface 

greatly increases the electrical resistance, it is a big problem of copper in the industry 

application.  

1.3 Oxidation of nickel 

 The oxidation of Ni surfaces at ambient temperatures was first suggested by Mott and 

Cabrera [9]. The mechanism demonstrates the formation of nickel oxide on the surface. Reactant 

O2 molecules adsorb onto the surface of the metal and decompose into atomic oxygen.  The 

atomic oxygen then bonds covalently with the Ni metal atoms at the surface, weakening their 

attachment to the lattice.  Owing to the difference in electronegativity between Ni and O, a 

dipole forms which allows the two atoms to exchange places. At higher temperatures, the 

exposure of Ni metal to O2 results in the formation of thicker films than those found at lower 

temperatures. The conversion of nickel that occurs in the oxidation process is expected to follow 

the reaction:  

2Ni      +       O2      →     2 NiO                    (1-3) 

 

1.4 Metal surface evaluation method 

1.4.1 X-ray photoelectron spectroscopy (XPS) 

XPS uses soft X-rays to excite core and valence electrons within the atoms of a surface.  

If the X-ray energy is large enough photoelectrons are expelled from the material and their 

kinetic energies (KE) are measured by the instrument.  This excitation process is known as the 

photoelectric effect and is illustrated in Figure 1.3.  Differences in chemical elements within the 

near surface region are identified on the basis of their binding energy (BE), which is measured 
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relative to the Fermi level of the individual atoms.  The KE and BE of the photoelectron are 

related via the following equation (1-4):   

 
EK = hν - EB - φ            (1-4) 

 

Where, hν represents the energy of the absorbed photon and φ is the work function of the 

sample. Therefore, when the kinetic energy of electrons is measured from the Fermi level, it 

becomes as shown in equation (1-5). 

EK = hν - EB              (1-5) 

The electrons of each element in the sample are bound to the quantized energy level. 

When a sample is irradiated with soft X-rays with same energy (hν), the electrons with various 

kinetic energies are released by photoelectric effect. X-ray photoelectron spectroscopy (XPS) 

analysis method reveals the information on the elemental composition and chemical state in the 

sample from the kinetic energy and photoelectron quantity of released photoelectrons. 

 

 

 

 

 

 

 

Figure 1.3. A frame format of photoelectron emission by irradiating X-ray. 
 

The energy distribution of the observed electron has information on the inner shell and 

the valence band of the substance. Therefore, from Equation (1-4), the binding energy EB can be 
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obtained with hν. Since the binding energy of each orbital electron differs from element to 

element, it is possible to easily identify the element by measuring EK. Also, the bond energy of 

the same element orbit varies slightly depending on the state and environment around the atom 

of interest. The state of the element can be analyzed by measuring this change amount. 

Also, in order to perform state analysis, we need to find the energy binding of electrons. 

Therefore, it is necessary to find the work function φ and obtain the measured binding energy 

from the Fermi level. In the actual measurement, in the case of a metal sample, the Fermi level of 

the sample matches the Fermi level of the spectrometer, so that the binding energy is expressed 

by the formula (1-5). The relationship between irradiation X-ray energy, binding energy, and 

kinetic energy is shown in the formula (1-6). 

EB = hν - EK - φSP           (1-6) 
Where, EB is the coupling energy of electrons based on the Fermi level, and φSP is the work 

function of the sample spectrometer. 

Since many polymeric materials are insulators, photoelectrons are released during XPS 

spectrum measurement and the surface is positively charged, and depending on the sample 

history, it may be already charged before XPS measurement [11-14]. Generally it is difficult to 

determine accurate binding energy. Therefore, the C1s peak of (-CH2 -) in the polymer is 

appropriately set to 285.0 eV and used as a standard of binding energy. 

1.4.2 Focused ion beam device (FIB) 

The focused ion beam (FIB) system is an important tool for understanding and 

manipulating the structure of materials at the nano-scales [15, 16]. FIB device scans the 

specimen surface with an extremely thinly focused ion beam, detects secondary electrons 

generated and observes the microscopic image, and processes the surface of the specimen. 

The FIB apparatus has the same configuration and function as SEM, and the only 
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difference is the use of a gallium ion (Ga +) beam instead of electron beam [17]. The sample 

observation in this device is basically the same as the scanning electron microscope, and the light 

generated from the light source is focused by an aperture or a focusing lens (also called a 

condenser lens, CL) to form a beam, subsequently an objective lens focusing on the sample 

surface with an objective lens (also called OL). The focused and focused beam on the sample 

surface is scanned by the deflector surface. Then, the secondary signal generated from the 

sample surface by the beam irradiation which is detected by the detector, and the data 

corresponding to the secondary signal is stored in the image data memory corresponding to the 

beam irradiation position coordinate. By displaying the data stored in the image data memory on 

the computer screen, it is possible to observe the microscopic image of the region irradiated with 

the beam. The main functions of the focused ion beam apparatus are roughly divided into 

"etching" and "deposition". 

The gallium ions are much heavier than electrons, a so-called sputtering phenomenon 

occurs in which atoms constituting a sample are flicked out. The ejected atom becomes 

secondary ion and jumps out of the specimen. The surface of the sample can be etched by 

increased the amount of this ion beam and increased amount of atoms sputtered. Thus, it is 

possible to realize maskless processing for selectively etching only the portion irradiated with the 

ion beam. By applying this technique, we can possible to perform cross-section processing 

observation in which a predetermined portion of a sample is etched and the cross-section is 

exposed and observed, and furthermore, a TEM sample making processing for taking out a 

predetermined portion of the sample as a flake can be performed.  

Figure 1.4 shown the compound gas can be locally deposited by blowing the compound 

gas near the ion beam irradiation region on the sample surface. When the sample irradiated with 
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indication of peak potentials of layer formation (AI, AII) and reduction (CI, CII) and 

dissolution of Cu-ions and stability range of anodic oxide layers, irradiation with 

chopped light causes current oscillation due to superimposed photocurrent iPh at peak 

CII [22]. 

 Linear potential sweep measurements are generally of three types: 

1) Very slow sweeps (in the range of sweep rate about 0.1-5 mVs-1): The sweep rate plays 

no role in this case, except that it must be slow enough to ensure that the reaction is 

effectively at steady state along the course of the sweep. Reversing the direction of the 

sweep should have no effect on the current potential relationship, if the sweep is slow 

enough. Deviation occur sometime as a result of slow formation and reduction of surface 

oxides or passive layers. Because the sweep rate too slow, the potential is often swept 

only in one direction, and the experiment is then referred to as linear sweep voltammetry 

(LSV). 

2) Studies of oxidation or reduction of species in the bulk of the solution. In this case, the 

sweep rate is usually in the range of 0.01 – 10 Vs-1. The lower limit is determined by the 

need to maintain the total time of the experiment below 10 - 50 s. The upper limit is 

determined by the double layer charging current ad by the uncompensated solution 

resistance. 

3) Studies of oxidation or reduction of species adsorbed on the surface. The redox behavior 

of species that are adsorbed on the surface is usually activation controlled and influenced 

by the remaining number of the free site on the surface. The sweep rate also in the range 

of 0.01 – 10 Vs-1, but here the lower limit is determined by background currents from 

residual impurities in solution, white upper limit is determined by the  uncompensated 
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solution resistance and by instrumentation. 

In this study, linear sweep voltammetry was used as an electrochemical evaluation of the 

metal surface on which an organic thin film had been formed in addition to the above CV 

measurement. Metals (Cu and Ni), Pt, and Ag / AgCl electrode were used for the working 

electrode, counter electrode and reference electrode, respectively. Metal oxide on the surface was 

cathodically reduced by LSV measurement and the oxidation resistance of the nickel surface was 

quantitatively evaluated from the reduced charge amount. 

1.4.5 Electrical conductivity 

Electricity is the most important part of modern everyday life. It is used to run product 

machinery, transportation, communications, medical procedures, military operations, research, 

and so on [23-25]. Since the beginning of the 19th century, electricity has been studied and 

applied by many scientists.  

Electric charge – Elementary quantity of charge is ± 1e, with the electron carrying a 

charge of -1e and the proton +1e. The unit of charge is 1C (coulomb).  

Voltage – The fundamental definition of voltage relates to the work required to move a 

unit charge between two points. By the definition, the unit of charge is positive. The amount of 

work does not require a reference level. The work required is measured by the potential 

difference. It is correct to say the work per unit charge is the voltage difference. The unit of 

voltage is a volt (V). 

Electric currents – Electric current is the charge passing through a given cross section of 

the conductor per unit time. Electrons are carriers of the charge. If the charge dq passes through a 

hypothetical plane in time dt, then the current through that plane is 

						 					                                                (1-8) 
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The SI unit for current is the ampere (A). That is, 1 ampere  1 coulomb per second. 

Current is a scalar. If a current splits in to branches, the magnitude of the partial currents 

must add to yield the magnitude of the current in the original conductor (i0). For example, for 

two branches (Figure 1.7), this can be expressed as  

      i0           i1 + i2                                                (1-9) 

 

 

 

 

 

 

Figure 1.7. Current splitting at a junction into two branches. 

Ohm’s law – Ohm’s law is valid for circuits, expresses the relationship between current, 

voltage, and resistance. 

      E  I * R                                                          (1-10) 

where E  potential (in V); I  current (in A); and R  resistance (in Ω). 

Resistance– The electrical resistance of the conductor is a function of its length (L) and 

the conductor area (A). Ohm’s law tells us that for a given resistance (R), the current flowing 

through the conductor is proportional to the applied voltage.  

	 	 																																																										(1-11) 

The SI unit for resistance is the ohm (Ω).  

Resistivity - The electrical resistivity of conductor material is a measure of how strongly 

the material opposes the flow of electric current through it. This resistivity factor enables the 

i0 
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resistance of different types of conductors to be compared to one another at a specified 

temperature according to their physical properties without regards to their lengths of cross-

sectional areas. The resistivity of the material is defined as:  

							                                                       (1-12) 

where, E - the electric field at a point in a resistive material instead on the potential difference V 

across a particular resistor. J – The current density at the point in question instead of the current 

through the resistor. The unit of resistivity is ohm-meter (Ωm). 

Conductivity – The reciprocal of the resistivity of a material is its conductivity, defined 

as:  

										

                                                   (1-13) 

The SI unit of conductivity is siemens (S).  

Electrical resistance measurement – Electrical conductivity is an important experiment 

tool to probe electrical transmission of metallic materials and semiconductors. In the room 

temperature environment, the electrical resistance measurement usually measured by connecting 

two terminals to both ends of the sample to be measured by using a multimeter. The small 

diameter cable connected to the specimen, which used for the purpose of suppressing the inflow 

of heat transmitted through in this cable. In this case, if the object to be measured is a 

superconductor, the electric resistance to be measured becomes infinitely small, the electric 

resistance and the contact resistance of the metal cable becomes a non-negligible value. 

In the two-terminal measurement method, the resistance of the wiring for measurement 

included measurement error, however, the contact resistance of the component connected to the 

sample can be avoided by using the four terminal method. 
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1.4 Survey of this thesis 

In this thesis, I investigated the influence of polymeric molecular coatings on the 

electrical and air oxidation resistance properties, and electrical conductivities of metal surfaces.  

Chapter 1 discusses the background and purpose, importance and related research of this 

research. In chapter 2, molecular coatings of thiol terminated organic compounds such as thiol 

terminated polystyrenes and alkanethiols were examined on the nickel surfaces by means of 

interaction between nickel and thiol groups in order to investigate air oxidation resistance 

properties of the surface by the coatings. Conductivity measurements, CV, and LSV 

measurements were carried out for the organically modified nickel surfaces in order to 

characterize qualitative and quantitative oxidation resistance properties of the surfaces. The 

results indicate that the thiol terminated polystyrene provides higher heat resistance property than 

alkane thiols with maintaining electrical conductivity. In chapter 3, investigation of molecular 

weight of polystyrene molecular coating on the oxidation resistance property of the modified 

copper surface was examined.  It was observed that the higher thermal stability was supplied by 

longer chain of the polymeric coating. The results of quantitative analyses by electrochemical 

approach indicate that the higher air oxidation resistance property was provided by longer 

polymer chain of the coating, whereas shorter chain gave higher electrochemical oxidation 

resistance properties on the surface. In chapter 4, the researches were summarized. The future 
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prospects of the polymeric molecular coatings were also described.  
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Chapter 2 

Polymeric molecular coating on oxidation resistance property  

of nickel surface 
 

2.1 Introduction 

Nickel is widely used in industry for platting, electro-forming, and producing alloys. 

Those nickel derivatives as well as neat nickel metal are useful as electrically conducting 

materials due to their practical properties, for instance, electrical conductivity, ductility, low cost, 

and process ability. They are known to easily react with oxygen in air, and form metal oxides on 

the surface [1-3]. Since the metal oxides are normally electrical insulators, surface conductivity 

significantly drops by oxidation. In order to prevent oxidation, those surfaces are usually coated 

with oxidation inhibitors or inert metals. These methods still have problems with the high cost of 

the coatings and inhibition of surface conductivity. An approach for introduction of oxidation 

resistance on copper surfaces was recently developed while retaining high conductivity of the 

surface by means of molecular coatings with low-molecular-weight thiol compound and thiol- 

terminated polymers [4,5] by using thiol-copper interaction. Oxidation resistance and electrical 

conductivity on the metal surfaces were investigated by X-ray photoelectron spectroscopy (XPS) 

[6-13] and cyclic voltammetry (CV). [14-16] 

Since oxidation of nickel surfaces is a problem for electrical usage, here in this chapter, 

surface modifications with thiol-terminated organic compounds [17-23] were examined on nickel 

surface for electrical applications. The modified surfaces are electrically characterized as well as 

with XPS analysis [22] to investigate the effect of the organic coatings on oxidation resistance 

properties. 
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2.2 Experiment 

2.2.1 Materials  

s-BuLi (1M solution in hexane) was purchased from Kanto Chemical. Styrene (Wako 

Pure Chemical, 99%) was distilled twice over CaH2 under reduced pressure and sealed in 

ampule with a breakable seal. 1-Dodecanethiol (Nacalai Tesque, Inc. 95%) was distilled before 

use. Ethanol (Wako Pure Chemical, 99.5%) and toluene (Nacalai Tesque, Inc. 99%) were 

distilled and degassed by N2 bubbling before use. Nickel plates were purchased from Nilaco. 

Other reagents were used as supplied. Thiol terminated polystyrene was synthesized by anionic 

polymerization of styrene with ethylene sulfide as a terminating agent under high-vacuum in a 

sealed reactor.  

2.2.2 Modification of nickel surface  

Nickel plates were polished by means of polishing paper (#1000, #2000, #4000, and 

#8000) and electric polishment. After polishing, the plates were washed with water, and 

subsequently sonicated in toluene and methanol. The plates were dried under vacuum. Before 

surface modification, metal oxide on the nickel surface was removed by dipping of specimens in 

3.7 % HCl-ethanol solution for 5 min. The plates were subsequently rinsed with distilled ethanol 

and dried under vacuum for 20 min.  

To allow the deposition of thiol derivatives, the nickel plates were dipped in toluene 

solution of thiol terminated polystyrene or ethanol solution of 1-dodecanethiol, for 20 hours at 

35oC. After making coatings of organic compounds on the nickel surface, the specimens were 

rinsed with the respective solvents to remove excessive organic compounds, and dried under 

vacuum for 20 min (as shown in Figure 2.1). The schematic diagram of the thiol compound 

chemically adsorbed on nickel surface was shown in Figure 2.2.  
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2.2.3 Measurements  

1H-NMR spectrum was recorded at 25oC on a Bruker DPX-400 spectrometer in CDCl3. Gel 

permeation chromatography (GPC) was performed at 25oC with TSK gel G5000HHR and 

G3000HHR on TOSOH HLC-8320 by using chloroform as an eluent after calibration with 

standard polystyrenes.  

XPS measurements were carried out on JEOL JPS-9010MC. Photoelectron spectra of S2p3/2 

were investigated in the binding energy range between 159 and 169 eV.  

CV and LSV were carried out on ECstat-300 (EC FRONTIER, Japan). Pt was used for 

counter electrode, and Ag/AgCl was used for reference electrode. CV was measured with 

sweeping voltage range from -600 mV to 600 mV with a rate at 1000 mV/s in 0.1M NaOH aq 

under N2 flow at 50 mL/min (Table 2.1). LSV was measured with sweeping voltage range from 

600 mV to -600 mV with a rate at 1000 mV/s in 0.1M NaOH aq under N2 flow at 50 mL/min. 

Electrical resistance of copper plates was determined by contact electric resistance measurement. 

For measurement of contact electric resistance, electrical conductivity was evaluated by applying 

a contact type four terminal method. It was confirmed that there was almost no change in 

electrical conductivity with respect to a change in distance between the two probes. In this case, 

contact was made at an interval of 2 cm, and measurement was made under the condition of 

plane to semispherical surface (Au plating probe, curvature radius 30 μm). Measurement was 

carried out by connecting a measuring instrument and a potentiostat as shown in Figure 2.4. 
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Figure 2.5. Narrow scan photoelectron spectra of S2p½. on bare nickel and nickel surface 

modified with SH-PSt and 1-dodencanthiol. 

 

Figure 2.5 shows the photoelectron spectra of S2p1/2 on the three samples. In the spectrum 

of Ni-D, a peak derived from thiol was observed at 159-163 eV, whereas no significant peak was 

observed in this region in the spectrum of Ni-bare. The results indicate the deposition of 1-

dodecanethiol on the nickel surface. In the case of Ni-PSt2600, small peak of S2p1/2 derived from 

thiol group was observed as the case on copper surface, which is due to long polystyrene chain 

covered over SH groups adsorbed on the nickel surface. 

2.3.2. Anodic oxidation resistance of nickel surface 

The electrochemical properties of nickel bare and thiol-treated nickel surfaces were 

determine by CV. This method consisted of electrochemical oxidation and reduction of the 
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Figure 2.6. Cyclic voltammograms of bare nickel and nickel surface modified with 1-

Dodecanethiol and PSt2600 

 

Figure 2.6 shows the cyclic voltammograms of three samples, which show oxidation and 

reduction peaks of the surfaces. The electrical oxidation of the nickel surface was carried out 

from 500 to 600mV to form NiO and Ni(OH)2, and the electrical reduction of the surface to 

metallic nickel was carried out from 600 to 100mV.  

In the voltammograms, the peak area of Ni-bare was large whereas only small peak area 

was observed for Ni-PS2600 and Ni-D. The peak area indicates the electrical charge for 

oxidation and reduction of the unmodified area. Hence, the results indicate that the thiol 

compounds are successfully adsorbed on the surface, and the organic compounds prevent the 
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PSt2600 and Ni-D are similar size, indicate that resistance of 1-dodecanethiol and polystyrene is 

similar to electrical oxidation on the nickel surface. 

 

2.3.3 Oxidation resistance of nickel surface coated with thiol compound heat treatment in 

air 

Quantitative air oxidation resistant properties of the nickel surfaces were evaluated by 

LSV. In this study, LSV was performed on the air oxidized surface from 600 to -600mV in order 

to measure the electrical charge for reduction of oxide layer. Thus, the surface-modified nickel 

samples were oxidized by heat treatment at appropriate temperature, and subsequently the oxide 

on the nickel surface were electrochemically reduced. Figure 2.7-2.10 shows the LSV 

measurement results of Ni-bare and Ni covered with thiol compounds after heat treatment at 

60°C, 150°C, 240°C and 270°C, respectively. 

 

Figure 2.7. LSV voltammograms of bare nickel and nickel surfaces modified with 1-

Dodecanethiol and PSt2600 after heating at 60°C. 

-500

-400

-300

-200

-100

0

100

200

300

-600 -400 -200 0 200 400 600

Ni-bare
Ni-D
Ni-PSt2600

Potential [mV]v.s. Ag/AgCl

C
ur

re
nt

 [
A

]



27 
 

 
 
Figure 2.8. LSV voltammograms of bare nickel and nickel surfaces modified with 1-

Dodecanethiol and PSt2600 after heating at 150°C. 

 

 
 
Figure 2.9. LSV voltammograms of bare nickel and nickel surfaces modified with 1-

Dodecanethiol and PSt2600 after heating at 240°C. 
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Figure 2.10. LSV voltammograms of bare nickel and nickel surfaces modified with 1-

Dodecanethiol and PSt2600 after heating at 270°C. 

 

As shown in Figure 2.7-2.10, at each temperature, the peaks showing reduction in the 

cathode region decreased when the organic thin film was formed on the nickel surface. The 

results were considered that the organic thin film on the Ni surface suppressed the formation of 

the oxide film. However, all of the samples subjected to the heat treatment at 240°C and 270°C, 

which are high temperature regions, the oxidation amount was smaller than the sample subjected 

to the low temperature heat treatment. It is considered that this is because a dense oxide film is 

formed on the nickel surface by heating at a high temperature, and oxygen cannot penetrate into 
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The electric charges for reduction of the oxide on the nickel surfaces are shown in Table 2.2, and 

the ratios of the charge to that for Ni-bare were calculated (Figure 2.11). 

 

Table 2.2. Electric charge to reduce oxide layer on nickel surfaces after heating at various 

temperature. 

Heat temperature/°C Electrical charge/mC 

60 150 240 270 

Ni -bare 5.994  5.728 1.06 1.803 

Ni-D 2.823  1.813 0.9 1.534 

Ni-PSt2600 2.929  1.742 0.514 0.805 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Ratio of electric charge for reduction of nickel surfaces to that for Ni-bare after 

heating at various temperatures. 
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From these results, even after low temperature heat treatment at 60 °C, Ni-bare was 

oxidized while maintaining electrical conductivity. The result might be due to the complicated 

oxidation mechanism of nickel surface and the formation of partially oxidized surface. 

Interestingly, both of the organic-modified samples showed smaller electric charge than Ni-bare 

at lower temperature (<240 °C), which indicates the barrier effect of the organic layer from 

oxidation. This barrier effect was observed in Ni-PSt2600 even at high temperature (≥240 °C), 

whereas Ni-D showed similar electric charge to Ni-bare which might be caused by desorption of 

1-dodecanethiol. The results agree with the conductivity measurements in the next section. From 

these results, we can estimate obvious contribution of long polymer chain to oxidation resistance. 

2.3.4 Electrical conductivity of nickel surface coated with thiol compound 

Air oxidation resistance of the metal surface covered with the organic coatings and 

thermal stability of the coatings were investigated by surface conductivity measurements of the 

samples by four-terminal methods after heat treatment at various temperature in the range of 

35-270 °C for 1 h in air. Heating under air promotes oxidation of nickel surface, which increase 

electrical resistance on the surface. The resistance was plotted with heat treatment temperature in 

Figure 2.12.  
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Figure 2.12. Electrical resistances of Ni-bare and Ni-D and Ni-PSt2600 at various temperature. 

 

After heat treatment below 150 °C, all the samples showed low resistance. Thick organic 

layers may insulate electrical conductivity; however, the low electrical resistances of the samples 

indicate the organic layers on the nickel surface are thin enough for an electrical junction. The 

resistance of Ni-bare surface dramatically increased after heat treatment at 150 °C, whereas Ni-D 

and Ni-PSt2600 retained conductive. These results indicate the organic layers worked as barriers 

for protection of the nickel surface from oxidation at elevated temperature in the air. In the case 

of Ni-D, the resistance dramatically increased after heat treatment at 240 °C. Cleavage of Ni-S 

bonding and desorption of the organic compound were expected above this temperature. Note 

that the boiling point of dodecanethiol is ca. 270 °C. However, polystyrene-modified surface 

maintains low electrical resistance even after heat treatment at 270 °C. This can be ascribed to 

the non-volatility of polystyrene because of long polymer chains, which resulted in oxidation 

resistance even at such high temperature. 
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2.4 Summary 

The organic coatings on the nickel surface by using thiol compounds were performed to 

prevent oxidation. Cyclic voltammograms of the organic-modified nickel surfaces showed 

oxidation resistance properties of nickel surfaces by the organic layer from the quantity of the 

electrical charge during surface electrical oxidation. 

 Thermal stability of the organic coatings was investigated from surface conductivity 

measurements and LSV, which showed high oxidation resistance of organic-modified nickel. 

Interestingly, polystyrene-modified surfaces showed oxidation resistant up to 270 °C while 

keeping electrical conductivity. Therefore, this approach is applicable for oxidation resistant 

coatings for electrical devices. 
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Chapter 3 

Polymeric molecular coating for oxidation resistance property 

of copper surface 

3.1 Introduction 

Nowadays, copper has become an important material in the industrial application. 

Copper has excellent electrical and thermal conductivity, high ductility and easy processing. 

However, copper easily reacts with oxygen in air, and copper oxide is formed on the surface [1-

5]. This oxide layer, composed of Cu2O and CuO, exhibits electrical insulation, so that the 

electrical conductivity is impaired by intervening at the contact interface. Tamai et al. 

investigated the growth law of oxide layer on copper plate surface by heating temperature 

increased up to 300oC [3]. From the contact resistance measurement, they determined that the 

effect of the oxide layer thickness on the copper plate has a little at low temperature. However, at 

high temperature, the oxide layer thickness increased rapidly, which greatly affected the 

electrical conductivity of copper.  

 Numerous studies on copper oxidation protection have been published and recently 

reviewed [6-24]. In these investigated different compounds such as azoles, amines, amino acid 

and their derivatives were protected the copper surface oxidation [6-12]. The copper plate 

protected by alkanethiols is the most investigated system of oxidation protection by long-chain 

organic molecules [13-21]. Laibinis and Whitesides reported that the monolayer of n-

alkanethiolates on copper surface prevent the copper from air oxidation [13-17]. They 

demonstrated that the rates of oxidation of copper surface were decreased by increased the length 

of n-alkanethiolates.  
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Tsukahara et al. investigated the enhancement of copper plate protection by covering 

with PSt-SH thin layer [23-24]. From those reports, they demonstrated that the PSt-SH is 

efficient to provide the oxidation resistance on the copper surface. Especially at high temperature 

conditions, the copper surface covered by PSt-SH protected better than that covered by the 

alkanethiols. 

In this chapter, investigation on the prevention of formation of oxide layer on the copper 

surface by the molecular coating with PSt-SHs different molecular weights was examined. The 

purpose of my study is to determine the influence of molecular weight of PSt-SHs on oxidation 

resistance and electrical conductivity of copper surface.  

3.2 Experiment 

 3.2.1 Materials 

Ethanol (Wako Pure Chemical, 99.5%) and THF (Wako Pure Chemical, 99.5%) were 

distilled and degassed by N2 bubbling before use. Copper plate (99.98%) was purchased from 

Nilaco. Other reagents were used as supplied. 

Thiol terminated polystyrene (PSt-SH) was synthesized by anionic polymerization of 

styrene with ethylene sulfide as a terminating agent under high-vacuum in a sealed reactor 

(Scheme 3.1). The procedure is as follows. Cyclohexane (50 mL) and s-BuLi (1M, 1.52mL) was 

placed in a 100mL round-bottom flask (Figure 3.1). Into the solution, styrene (5 mL, 43.6 mmol) 

was added through a breakable seal to allow the polymerization. After stirring at 40oC for 1h, the 

reaction was quenched with ethylene sulfide (0.887mL, 1.52mmol) and subsequently protonated 

with HCl /methanol (5 mL). The polymer was precipitated in methanol, reprecipitated twice from 

benzene into methanol, and freeze-dried. The polymerization conditions were shown in Table 3.1  
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Scheme 3.1. Synthesis of thiol terminated polystyrene by living anionic polymerization. 

 

Table 3.1.  Preparation condition of thiol terminated polystyrene 

Styrene s-BuLi Cyclohexane 
Ethylene 

sulfide 
MeOH/HCl Temp Time 

Target 

Mn 

(mmol) (mmol) (ml) (mmol) (ml) (�) (hour) - 

96 19.9 100 19.9 5 40 1 500 

43.64 1.52 50 1.52 5 40 1 3000 

96 1.67 100 1.67 5 40 1 6000 

96 1.25 100 1.25 5 40 1 8000 

96 0.99 100 0.99 5 40 1 10000 
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Figure 3.8. 1H-NMR spectrum of PSt-SH2800 by living anion polymerization. 
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Table 2.3. Measurement condition of narrow scan by XPS 

Voltage (kV) 10 

Emission (mA) 10 

Pass Energy (eV) 50 

Energy region (eV)

C1s 290~282

O1s 538~525

Cu2p3/2 940~925

CuLMM 345~325

S2p3/2 167~159

Cl2p 210~190

Energy step (eV) 0.1 

Number of scans 10 

Dwell time (ms) 100 

 

  Sample specimen for scanning transmission electron microscopy (STEM) was prepared 

by using focused ion beam milling technique with Hitachi FB 2200 (Figure 3.14a). Pt was 

deposited on the samples before ion beam milling in order to introduce color contrast in the 

STEM images. STEM images were obtained using Hitachi HD 2700 system at the accelerating 

voltage of 200 kV (Figure 3.14b). 
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Table 3.4. Typical experimental condition for cyclic voltammetry 
 
 
 
 
 
 

 

3.3 Results and discussion 

3.3.1. The surface protection of copper by modification with thiol terminated polystyrene 

 The PSt-SHs of different molecular weight were covered on the copper plate in order to 

determine the effect of molecular weight of polystyrene on oxidation resistance property on 

copper surface. Before covering, copper plates were polished by abrasive papers, buffing and 

electrolytic polishing for made the flat surface. The organic thin layer of PSt-SH was formed by 

immersion of copper plate in the polymer solutions (5x10-3 mol/L in THF) of different molecular 

weight (Figure 3.17). Depositions of the organic coatings layer on the copper plate were 

confirmed by XPS analysis and STEM observation.  
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Figure 3.17. Schematic image for electrochemical and air oxidations of copper surface in the 

presence of polymeric molecular coatings and the effect of molecular weight of the coatings. 

 

Figure 3.18. XPS core level of S 2p1/2 on copper bare and copper surfaces modified by PSt-SHs. 

Figure 3.18 shows the photoelectron spectra of S2p1/2 on copper bare and copper modified 

with PSt-SH different molecular weights. The analysis of the S2p1/2 region observed the peak at 

the range 161 – 164 eV, which suggests that sulfur atoms of PSt-SH were adsorbed onto the 

copper surface, comparable with the case of copper bare showing no significant peak in this 

region in the spectrum. In the case of copper covered with PSt-SH14700, the peak area of the 

S2p1/2 region observed bigger than the copper covered with PSt-SH850. This result suggests that 

the longer polymer chain was covered on copper surface better than short chain.  

The surface modified copper surface was characterized by scanning transmission electron 

microscopy (STEM) observation. Sample specimen for STEM was prepared by using focused 

ion beam milling technique. Figure 3.19 shows the STEM images of copper plates before and 

after modification with PSt-SHs different molecular weights. The image after modification 

clearly shows an organic layer (bright field) in between copper substrate and surface metal layer 
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(Pt), whereas such layer was not observed on the sample before modification. The thickness of 

organic layer was observed to be ~8 nm, which is obviously smaller than the extended chain 

length of the polymer. Thus, the copper surface was loosely covered with the thiol terminated 

polymer.  
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3.3.2. The electrical conductivity and the oxidation property of copper 

In order to determine the oxidation resistance property of copper surfaces modified with 

PSt-SH of different molecular weights to air oxidation, I measured surface electrical resistance of 

the specimens after air oxidation by heat treatments for 1 hour. The electrical resistances of the 

surfaces were characterized by the ECtas-300 equipment (Figure 3.21).  

 

Figure 3.21. Electrical resistance of copper surface modified with PSt-SHs after heat treatment 

at various temperature for 1 hour. 

Interestingly, all the specimens showed quite low electrical resistance before heat 

treatment, which might be due to the thicknesses of polymeric molecular coatings are thin 

enough for electrical conduction. At room temperature, the oxide layer on copper surface might 

be thin, which gives a little effect to the electrical resistance of the surface. The influence of the 

oxide layer thickness on the electrical resistance of copper was reported by Tamai and co-

workers [3], who showed the small contact resistance of copper surfaces having the oxide layer 

less than 10 nm at room temperature. 

The resistance of the copper surface without modification (Cu-bare) showed significant 
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increase in the electrical resistance by heat treatment at and over 100oC, which indicates the 

formation of copper oxide on the surface. In the case of the specimens with molecular coatings, 

however, the resistances of all the samples were constantly low even after heat treatment at 

100oC. The electrical resistances after heat treatment at 150oC showed that the longer chain 

length of molecular coatings, the smaller electrical resistances. Thus, the molecular coatings of 

longer chain were revealed to provide higher air oxidation resistance property on the copper 

surfaces than that of shorter chain. 

  

Table 3.4. The electrical conductivity of the copper and copper surface modification after heat 

treatment for 1 hour at various temperature. 

 

 Heat treatment temperature (oC) 

Before heat 35 50 100 150 

Cu bare 0.587 0.957 1.420 20.900 102.0 

PSt-SH850 0.808 0.850 0.895 2.280 57.9 

PSt-SH2800 0.800 0.834 0.856 0.913 39.8 

PSt-SH6800 0.763 0.824 0.854 0.906 37.1 

PSt-SH8600 0.721 0.812 0.849 0.883 28.0 

PSt-SH14700 0.710 0.781 0.844 0.867 17.7 

 

Time dependencies of electrical resistances of copper surfaces by heat treatment at 150oC 

were shown in Figure 3.22.  
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Figure 3.22. Electrical resistance of copper surface modified with PSt-SHs after heat treatment 

for various heat treatment time at 150oC. 

The electrical resistance of copper covered with PSt-SH850 gradually increased when 

heat treatment time increased up to 1 hour and then rapidly increased after 2h. The electrical 

resistance of copper covered with PSt-SH2800 increased similarly to that with PSt-SH850 at the 

same heat treatment conditions. In the case of copper covered with PSt-SH6800, which kept low 

electrical resistance event after the heat treatment up to 4h and then the increase is accelerated 

after for 4h. On the other hand, the electrical resistance of copper covered with PSt-SH8600 and 

PSt-SH14700 increased similar at the same time and kept low electrical resistance even after the 

heat treated time for 12h (e.g. only 100  after 12 hours heat treatment for Cu-PSt-SH14700 as 

shown in table 3.5. It was also observed that the molecular coatings of longer chain provided 

higher thermal stability on the surface than that of shorter chain. 
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Table 3.5. The electrical conductivity of the copper and copper surface modification after heat 

treatment for 1 hour at various temperature. 

 

 

3.3.3. Electrochemical analyses 

Electrical oxidation and air oxidation of the copper surfaces were quantitatively 

characterized by electrochemical approaches. In this research, I measured amounts of oxidation 

on the copper surfaces by electrochemical reduction by using linear sweep voltammetry (LSV) 

(Figure 3.23). Thus, the surface modified copper samples were oxidized in air by heat treatment 

at 150oC for 1 hour, followed by electrochemically reduction by using LSV with sweeping from  

-200 mV to -1200 mV. After oxidation, the oxide layers formed on the Cu surfaces were the 

mixture of CuO and Cu2O. 

In the case of Cu bare, reductions of Cu2+ to Cu+ was observed at a peak potential of ca.  

– 820 mV vs. Ag/AgCl. Also reduction of Cu+ to Cu was observed at the peak potential of ca. –

 Heat treatment time (hours) 

Before heat 0.5 1 2 4 12 

Cu bare 0.587 71.3 102 8,170,000 12,800,000 19,400,000

PSt-SH850 0.808 41.2 57.90 147 3,510,000 7,000,000 

PSt-SH2800 0.800 36.8 39.80 89 2,060,000 2,470,000 

PSt-SH6800 0.763 32.8 37.10 52 78 1,060,000 

PSt-SH8600 0.721 20.9 28.00 31 59 122 

PSt-SH14700 0.710 13.8 17.70 24 46 100 
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1020 mV vs. Ag/AgCl. However, the significant decrease in the peak area of those peaks was 

observed for copper surface modified with PSt-SHs. This result indicates that the oxide formed 

on copper surface in the presence of the PSt-SHs was less than that on bare copper. Thus 

oxidation was inhibited by the molecular coating layers.  

 

Figure 3.23. Linear sweep voltammetry of copper and copper surface modification with PSt-SHs 

after heated for 1 hour at 150oC. All mesurements were carried out in 0.1M acerated 

NaOH. Exposed electrode area was 1cm2. 

 

From the reduction peak area of the voltammograms, the electric charges for reduction of 

the oxide on the copper surfaces were calculated. The values for various samples are shown in 

Figure 3.24, which clearly shows the largest electrical charges for reduction for the sample 

without modification and the value decrease with an increase of the molecular weight of the 

coatings. These results indicate the higher air oxidation resistance property of the molecular 

coatings of longer chain, which is agreeable with the results of conductivity measurements. 
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Figure 3.24. Cathode electrical charge for reduction of the copper surfaces covered with various 

PSt-SHs after heat treatment for 150 oC for 1 hour. 

 

In the previous research, Tsukahara et al have characterized electrochemical properties of the 

unoxidized metal surfaces by means of cyclic voltammetry (CV) [14, 15]. This method can be 

applied for quantitative evaluation of electrical oxidation properties of surface-modified metals 

by monitoring electrochemical oxidation and reduction. Since the peak area indicates the 

electrical charge for oxidation and reduction in the unmodified area left over on the metal surface, 

the electrical charges observed by CV should strongly relate to the surface coverage of the 

specimen with the molecular coatings. Here I focused on the electrochemical oxidation process 

to discuss about the modified surfaces. The electrical charges for oxidation observed by CV for 

various copper surfaces are shown in Figures 3.25 and 3.26. Also in this case, the highest electric 

charge was observed with the unmodified surface. Contrary to the results of LSV, the electrical 

charges for oxidation increase with an increase in the molecular weight of the coatings. 
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Chapter 4 

General Conclusion 
 
 

This thesis describes the effect of polymer molecular coating on the oxidation properties 

of metal surfaces. 

In chapter 1, I have clarified the importance of metals in electronic applications, 

particularly copper and nickel, which are indispensable materials in the electronics industry. On 

the other hand, this section clarified the effects of the oxide layer on the surface of the metal on 

the electrical conductivity of the material.  

In chapter 2, I investigated the influence of polymeric molecular coating on the oxidation 

properties of nickel surface. In this study, nickel surface covered with PSt-SH thin layer (Mn  

2600) and 1-dodecanethiol was used to evaluate the effect of the polymer coatings. The organic 

layer formed on nickel surface was confirmed by XPS and CV measurement. In the results of the 

voltammograms, in which both the peak area of Ni-PSt2600 and Ni-D are similar size, indicate 

that resistance of 1-dodecanethiol and polystyrene is similar to electrical oxidation on the nickel 

surface. 

Air oxidation resistance of the nickel surface covered with the organic coatings and 

thermal stability of the coatings were investigated by surface conductivity measurements of the 

samples by electrical conductivity measurement after heat treatment at temperature in the range 

of 35-270 °C for 1 h in air. The polystyrene-modified surface kept low electrical resistance even 

after heat treatment at 270 °C. This result indicate that PSt-SH layers protected the nickel surface 

from oxidation at elevated temperature in the air. The polymer layer works better than 1-

dodecanethiol at high temperature over 240 oC, because of involatile long polymer chains. The 

oxidation resistant properties of the nickel surfaces after modification were quantitatively 
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characterized by LSV.  

In Chapter 3, I investigated the influence of molecular weight of polymer thin films on 

oxidation resistance of copper surfaces. In this case, the copper surfaces were modified with thiol 

terminated polystyrene of different molecular weights. The organic coatings layer formation on 

the copper plate were confirmed by XPS analysis showing a peak derived from thiol (-SH) 

groups at the polymer chain end adsorbed on the copper surface. The image of STEM 

observation after modification clearly shows the thickness of organic layer on the copper 

substrate (estimates about 8nm). Thus, the copper surface was covered with the thiol-terminated 

polymer.  

Besides that, I investigated the electrical resistance of modified copper surfaces by 

electrical conductivity measurement after heat treatment at the temperature from room 

temperature to 150oC. The electrical resistances after heat treatment at 150°C showed that the 

longer chain length of molecular coatings, the smaller electrical resistances. Thus, the molecular 

coatings of longer chain were revealed to provide higher air oxidation resistance property on the 

copper surfaces than that of shorter chain. CV and LSV measurements also indicate the higher 

air oxidation resistance property of the molecular coatings of longer chain.   

Based on the above results, future work will be described. 

In order to further improve the oxidation resistance of the results obtained from this 

study, it is considered necessary to analyze the structure of the organic thin film of PSt - SH in 

the future. 

In chapter 2, the result was indicated the organic thin film of PSt – SH protected nickel 

surface better than alkanethiols. In order to improve oxidation resistance to oxygen in the air, it is 

important to suppress transmission of oxygen molecules. In this research, I only used PSt – SH 
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as a polymeric coatings. Higher oxidation resistance property is expected by the polymer 

coatings of low oxygen permeable polymer segments. In this research, I haven’t varied the 

molecular weight of the coatings, thus further studies need to be made in the broader molecular 

weight range. 

In Chapter 3, the effect of molecular weight of PSt – SH on oxidation resistance property 

was investigated on the ranger from 850 to 14700. From STEM images, the thickness of organic 

layer on copper surface was estimated about 8 nm, which was obviously smaller than the 

extended chain length of the polymer. This result indicates that the PSt-SH layers formed on the 

metal surface and protected the surface from oxidation at elevated temperature in the air. The 

thickness of the polymer layer should be important factor for the resistance property. Therefore, 

effect of polymer layer thickness will be further work in this experiment with the analysis of 

cross section of the samples.  

  On the other hand, in the electronic technology, some devices operate under high 

temperature conditions. Therefore, the selection of suitable polymer structures to enhance the 

metal's oxidation resistance under high temperature conditions is essential. Polystyrene is not a 

great material in its ability to inhibit air permeability as well as heat resistance. So in the future, 

other polymer structures could be studied to increase the oxidation resistance of metals such as 

polyamides, aromatic polyester, polyvinyl alcohol, ethylene-vinyl alcohol copolymer and 

polyacrylonitrile, etc. However, those polymers having solubility in solvents, excellent heat 

resistance and oxygen barrier properties are limited. In addition, it is necessary to determine the 

physical properties of the polymer that affect the physical properties of the coated metals. By 

investigating this point, the mechanism of detailed oxidation resistance will become clear, and 

the direction of the design of the polymer will be clarified. 
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