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ABSTRACT

This thesis describes a study of the surface
films formed by organic corrosion inhibitors on copper and
copper based alloys. This study was carried out using
Electron Spectroscopy (ESCA) technique together with
infrared spectroscopv and electrochemical polarization
measurements. A series of organic inhibitors were used
in this study, however, two of them namely benzotriazole
(BTA) and 2-mercaptobenzothiazole (MBT) received more
attention because of their wide usage in industry.

This work shows that the films formed on the
copper surface resulting from interaction between copper
and inhibitor are always a copper(I) complex, However
this complex undergoes oxidation on exposure to air
resulting in degradation of the protective f£ilm, The
suggested mechanism for the film formation is a dissolution-
precipitation mechanism,

In the case of 2-mercaptobenzothiazole (MBT)
it was found that Cu(I)-MBT complexes on exposure to air
undergo a dimerization-oxidation by formation of a bhond
through -5-8- groups and elimination of Cu from the
molecule. The dimerized molecule was found to be oxidized
on exposure to air in its turn, ESCA investigation showed

that the final oxidized compound has a formula of

O

4
R-5-5-R

¥

0



Infrared spectroscopy of Cu-inhibitor
complexes showed that in all cases, the hydrogen of N-H
group is replaced by copper. Finally, electrochemical.
meésurements showed that.among six different organic
inhibitors, benzotriazole is the most effective one.

Benzothiophene on the other hand, proved to be the

worst.
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CHAPTER ONE

1.1 Corrosion

Corrosion may be defined as the destructive
attack on a metal by chemical or electrochemical reaction
with its environment. This excludes mechanical processes
which destroy the value of a metallic article by grinding it
away as metallic dust. Such purely mechanical damage, in
the absence of chemical change, is called erosion. However,
some of the most dangerous types of corrosion results
from processes that are partly chemical and partly mechanical,
for example, stress corrosion. The occurrence of corrosion
and its prevention are important engineering problems.
Although corrosion is an old problem, its importance has
become greater in recent times, because of the increacsed
use of metals in modern soclety and the wide range of

conditions in modern processes.

1.2 Cost _of Corrosion

An accurate estimate of the cost of corrosion
and also the amount of metal lost through corrosion is
impossible, but rough calculations have been made. In the
United Kingdom, a Department of Trade and Industry (D.T.TI.)
Report in 1971 (1) estimated the annual cost of corrosion
to be £1,365 m. This represented approximately 3.5% of
G.N.P. in 1969. The report considered that over £300 m.
per annum could have been saved if existing knowledge and
techniqueswere properly applied. This was about 20% of the
estimated total annual cost of corrosion in the U.K.

A similar situation exists in the United States. In 1949

the annual cost of corrosion was estimated at £2,359 m. by
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Uhlig (2), and in 1966 Leichtenstein (3) estimated it
to be £4,350 m. Uhlig (2) suggested that a saving of up
to 20% of the actual losé should be possible. The colossal
expenditures on all kinds of protective measures, such as
paint or lacquer coatings, metallic coatings, production
of more corrosion-resistance alloys, and so on, may largely
be counted as corrosion costs. The total cost of corrosion
should also include the cost of overhauling or rebuilding
of corroded equipment, decreased quality of ?roduction,
compilation of technology, and higher dimensional allowances
in structural design to compensate for subsequent corrosion
damage. Finally, concerning the importance of corrosion
as a cause of accidents, from a survey of major fires and
explosions in the chemical industry which were reported
in the safety literature, Chadwick and co-worker (4)
concluded that approximately 10% of accidents could be
‘attributed to corrosion.

In an estimate of the amount of metal lost through
corrosion made by Tomashov (5) from available data in
Russia, it was concluded that about one~third of the total
output of metal is eliminated from technical consumption
because of corrosion. It may be assumed that about two-thirds
of corroded metal is recovered by the re-melting of scrap.
Hence roughly about 10% of metal is completely lost through
the destructive action of corrosion. In 1965 it was
expected that about 6-7 million tons of steel would be
lost through corrosion in Russia.

Based on the current world production of iron and
steel of about 200 million tons per year, we may expect
a yearly loss of 20 million tons as a result of corrosion.

However, damage caused by corrosion can be of much more
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intrinsic value than the actual cost of the metal lost.

In 1925 Speller (6) estimated that the tonnage of iron

and steel products, such as roofing, wire, tubes and pipes,
oil well equipment and many other structures, renewed
because of inadequate protection against corrosion,
amounted annually by about 2% of the total tonnage of such

products in use.

It can be seen from the above mentioned figures
that corrosion plays a considerable part in national
economies and its prevention is therefore a subject of the

greatest importance.

1.3 Corrosion Prevention and Control

The simplest way to prevent reaction between a
metal and its environment would be to use a non-corrosive
metal (e.g. gold) or a non-corrosive environment (preferably
a vacuum). Such methods are not practical in most cases.

The methods commonly used to prevent or control corrosion

of metals come under the following headings:-

i) modification of the environment

ii) modification of the properties of the metal
iidi) protective coatings

iv) cathodic and anodic protection

v) non~metallic materials

In both i) and ii) stable, relatively impermeable
barriers are often formed by a corrosion reaction between
a metal and its environment. In iii), the properties
of barriers deliberately placed between the metal and the
environment are responsible for protection. Therefore,
in these three classes, metal is frequently prevented from

corroding by being isolated from its environment.



Cathodic protection is perhaps the most important
of all approaches to corrosion control. Anodic protection
although a promising technique, has only been applied in
special cases.

Agueous corrosion can be diminished by the
removal of corrosion stimulators or alternatively by
addition of inhibitors. De-aeration removes oxygen
(the corrosion stimulator), and attack is virtually halted.
De-aeration can be achieved either physically, or chemically
by the addition of a variety of chemical agents such
as sulphites or hydrazine.

The alternative method of decreasing attack in
solutions is the use of corrosion inhibitors. In general
ény phase constituent whose presence is not essential
to the occurrence of an electrochemical process, but leads
to a retardation of this process may be called an
inhibitor. If the inhibition is exercised through a
modification of the metal surface this might imply
adsorption, the formation of 'surface compounds', or a
reaction between the metallic material and the inhibitor
with separation of the corrosion products at the metal/
electrolyte interface.

Further details about the corrosion prevention
and control as well as the mechanism of corrosion

inhibition will be discussed in Chapter3 .

1.4 Qrganic_Corrosion Inhibitors
Most organic inhibitors function by forming
an adsorbed layer on the metal surface, probably no

more than a monolayer in thickness, which essentially

blocks discharge of H' and dissolution of metal ions.



Some inhibitors block the cathodic reaction (hydrogen
evolution or oxygen reduction) more than the anodic
reaction, or vice versa; but adsorption appears to be
general over the surface rather than at specific
anodic or cathodic sites, and both reactions'tcnd to be
retarded. Compounds serving.as inhibitors require, by and
large, a favourable polar group or groups by which the
molecule can attach itself to the metal surface. These
include the organic N, amine, S, and OH groups. The size,
orientation, shape, and electric charge of the molecule
play a part in the effectiveness of inhibition.

In recent years, investigations have shown that a
system of tarnish or corrosion control for copper, brass
and bronze can be built around the organic compound,

1, 2, 3, benzotriazole and a number of its related compounds.

N
@i/“
N

and has found some application in various conditions to

It has the following structural formula,

inhibit the corrosion of copper and copper based alloys.
Among many other heterocyclic compounds suggested

as corrosion inhibitors for copper such as benzimidazole

and its mercapto derivative, indazole, tolutriazole,

benzothiazole and its mercapto compound 2-mercapto

bezothiazole (MBT) which has the following structure and its

sodium salt are of great importance.

N
Ne—sH
<

MBT, known commonly as Captax, was first made in 1887
and now has come to be one of the important agents in

accelerating vulcanization. Its use as corrosion inhibitor
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for copper and copper-based alloys has been recommended.
It has also found application in cooling water systems

especially for engines, added in small amounts to the mixture

of glycol/water.

1.5 Present Study

Because of the great importance of copper
corrosion inhibition by organic compounds in general,
and benzotriazole in particular, much effort has been
devoted to the study of this system for almost two decades.
The fundamental studies complement more practical studies
of the inhibition properties of BTA and other organic
inhibitors in real environments. The aim of fundamental
studies is to elucidate the mechanism of inhibition
and thus to improve upon the existing inhibitors by
modifying them or to find new more effective inhibitors.
In other words, the most important problem to be solved,
is to find a correlation between the inhibition
characteristics of compounds and their molecular
structure. This necessitates a vast systematic
investigation of organic compounds and their inhibition
properties. Obviously, such an investigation is not
practical for many reasons; one of them being the
tremendous number of organic compounds in use. A more
logical approach is to study the mechanism by which
existing organic inhibitors operate. If this problem
is solved, the range of compounds to be studied will fall
into a much narrower range, thus enabling a more
realistic investigation.

Fundamental studies on the Cu/inhibitor system,

which started in the early 1960s, have brought about
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many new facts concerning the system. Different workers

have used different techniques to investigate the problem.
These techniques have included weight loss measurements,
electrochemical methods, infra-red spectroscopy,
ellipsometry, etc. However, up to now there has been no
satisfactory model proposed for the inhibition mechanism
which covers and explains all of the facts observed by
different workers.

In view of this, the present study was started
in order to elucidate the structure of the surface films
and their mechanism of formation both on copper and copper-
based alloys. To achieve this, extensive use has been
made of a relatively new technique for the first time,
namely X-ray photo-electron spectroscopy (XPS or ESCA).
This technique has been shown to be a very powerful method
in surface studies (7), and it proved to be most useful and
~informative concerning the mechanism of corrosion inhibition.
ESCA is a U.H.V. technique and certain problems are
associated with this method, which at first seemed to
limit the use of the technique, but proved to be soluble
to a large extent. In addition to ESCA, other methods such
as infra-red reflectance spectroscopy and electrochemical
measurements were used where appropriate.

In this study, particular attention has been given
to the reaction mechanism of copper with the inhibitor.
Since inhibition is exercised through the formation of a
surface film, a great deal of research is devoted to the
determination of the nature and the structure of this
protective film. Corrosion inhibition of copper-~based
alloys such as copper-nickel alloys with different

compositions as well as brass, have received particular
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attention, because these alloys are widely used in industry.

There are many related compounds which are already
used or recommended as effective-inhibitors for copper such
as benzthiazole and its mercapto derivative, benzimidazole
and its mercapto derivative, etc. and so a study was
carried out to investigate their properties in comparison
with BTA.

Finally, because of the lack of a thorough
electrochemical study of Cu/inhibitor system in the
presence and absence of the inhibitors, the method of
linear potential sweep was used for 6 different inhibitors.

The structure of this report is as follows:

Chapter 2 deals with the theoretical aspect of corrosion

and corrosion prevention. Chapter 3 describes infra-red
reflectance spectroscopy and electrochemical methods and
Chapter 4 is devoted to the theory and instrumentation

of ESCA because of its importance in this study. Chaptex

5, is a review of previous works and Chapter 6,7 and 8
presents the results and discussion.

Raw data such as binding energies, materials, specifications

and so on appear in Appendices (A-D).
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With the exception of some noble metals which
may occur in the elemental state, metals are usually
found in nature as compounds, the principal compounds
being oxides and sulphides. Since nearly all reactions
of the type

metal - metal compound
take place with a decrease in free enerqgy, the reverse
process, (i.e. extraction), requires a supply of energy.
Corrosion is essentially the reverse of the extraction
process, and thus in general, corrosion processes are

associated with a spontaneous decrease in free energy.

2.2 Corrosion_of Metals_in Gasecous Media

The reaction of a metal with air or pure oxygen
to form an oxide on the metal surface constitutes an
important branch of corrosion particularly at elevated
temperature. The oxidation of metals is a chemical

reaction which can be represented by the equation:

XM+Y/2 03 + MOy

The oxygen atoms gain electrons to become oxygen ions
and a stable oxide results, which adheres to the metal

surface. Metals possessing more than one valency state,

e.g. copper, can form complex layers of oxide, containing

oxides of several compositions.

As oxide is formed on the metal surface, it presents

a barrier through which the reactant must diffuse if the

oxide film is to continue growing. The rate of reaction

A TOATNT € T T TE A T T T TR TR e e ¢
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may be governced by (a)  the rate of transport of reactant
through the oxide, or (b) the rate of oxygen supply to the
outer oxide surface, or (c) the rate at which the oxygen.
and metal react to give oxide. If the rate of diffusion
of the reactants through the oxide film is the slow step
in the oxidation process, the oxidation rate will decrease
as the thickness of the film increases. This is the case
in practice.

Frequently metal oxides are defective because
either cations or anions are missing in the crystal,
forming vacancies. In some oxides there is an excess of
metal cations which occupy interstitial sites in the
lattice. The diffusion of ions through the lattice is via
these defects, that is wvia either the wvacant sites or the
interstitial sites. Cuprous oxide, Cu,0, the most commonly
encountered oxide on copper is cation deficient, and thus,
vacant sites exist within the lattice. As electrical
neutrality of the oxide must be maintained, each missing

(or posrtiva Vieles)
cuprous ion must be compensated by a cupric ioqk-The more
defective the oxide the greater will be the corrosion rate,
because of easier ionic diffusion and therefore increased
jﬁonic conductivity. The rate of ionic migration increases
with temperature leading to an increase in the corrosion
rate.

Oxidation of alloys is more complex since several
oxides may be formed. With some alloys, it is possible

to choose conditions in which only the less noble component

of the alloy is oxidized. If this oxide is highly protective,

the alloy will have good corrosion resistance. The process
of "selective oxidation" has been applied to copper/

aluminium and copper/nickel alloys. It also forms the basis
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for heat resistance alloys such as Fe-Al, since the Al

forms Al,03 on the alloy surface.

2.3 Corrosion of Metals in_Aquecus_Environments

Corrosion processes in aqueous solution are more
complex than those of metal oxidation, but again metal
compounds are formed with a decrease in the free energy
of the system. The mechanism of corrosion in aqueous
media is almost exclusively of an electrochemicai nature.
Damage from electrochemical corrosion may take many forms.
There may be uniform destruction of the material or the
corrosion may be highly localized, as in pitting. It may
be accelerated by interaction with mechanical stress
or attack may be concentrated at areas adjacent to a
second more noble metal (galvanic attack) or at points
winere the oxygen supply is limited (differential aeration).
2.3.1  Metal dissolution

Consider a metal immersed in an aqueous solution
of its ions. The metal consists of an atomic lattice of
positive metal ions with an electron "cloud" in the space
between the ions which bind the lattice together. The
liquid consists of water molecules with a small number of
hydroxyl ions and hydrated hydrogen ions and hydrated
metal ions. All these species of ions and molecules have
random movement and there is a definite possibility that
the electrons and metal ions will pass into solution
and that the water molecules, hydrogen ions, hydroxyl
ions and metal ions will enter the metal lattice. The
entry of hydrogen ions (or atoms) into the metal lattice,

happens in certain cases and may give rise to the

phenomenon of hydrogen embrittliement. The entry of metal
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ions into solution is important in all cases of immersed

corrosion. For the situation under consideration, that is

a metal in a solution of its own ions, the important

reactions are the metal dissolution (or anodic) reaction:

M-~> MZt 4+ ze (2.1)
aq

and the reverse (or cathodic) reaction, that is electron

transfer from the electrode to a metal ion in solution:

Mzt
aq

+ ze > M (2.2)

For the latter reaction (2.2) when there is no potential
difference at the interface, the reaction velocity will

be given by:
V_ =k C, (2.3)

where k_ is a chemical rate constant and Ci is the

concentration of metal ions in solution. When a potential

difference V exists, the reaction velocity becomes:
V_ = k_ C, exp (-8 VF/RT) (2.4)

where B8 is the symmetry factor and F is the Faraday.
An exactly similar equation can be written for the

anodic reaction:

v, = k+ CM (2.5)

However in this case CM is a constant related to the

active sites on the metal surface. =<

fu*tnoy . Under a potential difference V, we have:
V+==}ﬂ§§xp [ (1-8) VF/RT] (2.6)

If n moles of electrons are transfcrred for one complete

reaction (n equals z in this simple case) then the current
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is given by

i= n.F vreact. _ (2.7)

Thus
i =nTF k_ Ci exp (-8 VF/RT) (2.8)
i+ =nF k+cﬂexp [ (1-B) VF/RT] (2.9Y)

We define the over potential as the difference
between the actual electrode potential difference, V,

and the equilibrium potential Vg

Substituted V = n + Vo into equations (2.8) and (2.9)

they become:

i =nTF Ci k_exp (-8B F Ve/RT) exp (=8 F n/RT)

(2.11)

-
|

4 = DF k+Cexp {(1-8) F V_/RT] exp [ (1-8) F n/RT]
" e
(2.12)
All the terms in front of that containing the
overpotential n also represent a current density but
this is the current density at the equilibrium potential,
Ve' when the forward and backward rates are exactly

equal i.e. i, = 1_ = i,

i,=nF k+g$xp ((1-8) F V_/RT] = n F C, k_ exp
(-8 F V_/RT) (2.13)

iO is known as the exchange current density and is
an important parameter in electrochemical processes.
Equations (2.11) and (2.12) can thus be written in a

simple form as below:
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-
]

_ io exp (-B F .n / RT) (2.14)

i, i, exp [ (1-8) F n /RT] (2.15)

since the net anodic current density is

i=di, -1 ‘(2.1_-6)

l_J.
I

i, {expl (1-B) F n/RT]-exp(-8 F n /RT)}

(2.17)
This is the Butler-Volmer equation relating the net
current density of the electrochemical reaction to the
overpotential. For large positive n, equation (2.17)

reduces to a simpler equation:

i= io exp [ (1-8) F n /RT] (2.18)

The same argument is wvalid for large negative n when
the first exponential term becomes negligible. A similar

equation is obtained:

i = —iO exp (=8 ¥ n /RT) (2.19)

The meaning of these two equations 1s very simple.
For overpotentials greater than about 50 mV, the effect
of the reaction going in a direction opposite to the main
one for the sign of the overpotential concerned is
negligible. It is only when n is less fhan about 0.05 V
from the equilibrium potential, that the opposite process
effects the net current significantly when the complete
Butler-Volmer equation should be used.

Taking logarithms of both sides of equation (2.18)

or (2.19) we obtain:

. ., (1-B) F n
In i = Ln 10 -4 =T (2.20)

solving explicitly for n,
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_ RT : RT

ILn i (2.21)

Since in equation (2.21) only n and i are variables

for a given system , the equation can be written as:
n=a+DblIni ‘ (2.22)

which is a linear relationship known as the Tafel equation.

The relationship between n and Log i is shown below.

Overpotential 1]

logi, log i

The exchange current density is an important
parameter in corrosion process because a large i is

associated with a large icorr and a small io results in

a small i
corr.

Many factors affect the value of the exchange
current. Among these, the most important are the nature
of the metal surface, concentration of ions in solution,
temperature and adsorbed ions or molecules at the interface.
The effect of pressure on exchange current is not very
clear and various views have been expressed in the
literature. However, the effect of pressure can be neglected
for conditions around atmospheric pressure.

2.3.2 Mixed - potential_ theory of corrosion

The mixed potential theory of corrosion consists of

two simple hypotheses:
1. Any electrochemical reaction can be divided into
two or more partial oxidation and reduction reactions.

2. There can be no net accumulation of electrical charqge
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during an electrochemical reaction.

The utilization of the mixed-potential theory
can be best demonstrated by considering mixed electrodesf
A mixed electrode is an electrode or metal sample which
is in contact with two or more oxidation-reduction systems.
To illustrate let us consider the case of zinc immersed in
hydrochloric acid. Under these conditions the zinc is
rapidly corroded by the hydrochloric acid, and the electro-
chemical reactions occurring can be represented as in
Figure (2.1). If we consider zinc in equilibrium with its
ions, it would be represented by a reversible potential
corresponding to the Zn/Zn++ electrode reaction, and a

corresponding exchange current density. Likewise, if we

consider the hydrogen-electrode reaction occurring on a zinc

surface under equilibrium conditions, then this particular
equilibrium state would be presented by the reversible
potential of the hydrogen electrode and the corresponding
exchange current density for this reaction on a zinc metal
surface. However, if a piece of zinc is inserted in
hydrochloric acid containing some zinc ions, the electrode
cannot remain at either of these two reversible potentials
but must lie at some other potential. Zinc, since it is
metallic is an excellent conductor, and its entire

surface must be at a constant potential. This potential

is achieved when the second hypothesis of mixed-potential
theory is satisfied; that is, the total rate of oxidation
must equal the total rate of reduction. The only point

in this system (Figure 2.1) where the total rates of
oxidation and reduction are equal is at the intersection
represented by a "mixed" or a corrosion potential E

corr.
At this point, the rate of metal dissolution is equal

B G e e SRRy e

SPTINNNS ST 1
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e e
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to the rate of hydrogen euwulien expressed in the terms

of current. The current corresponding to this

point is usually called corrosion current icorr.’ since it
represents the rate of zinc dissolutionl If the B values
and exchange current densities for tﬁis system are known
it is possible to predictlthe corrosion rate of zinc

in hydrochloric acid from electrochemical data. For

the purpose of comparison, a current density of

1 u A/fﬁf roughly corresponds to a corrosion rate of

1 mpy for most metals. The exact relationship between

dissolution current density and corrosion rate can be

calculated utilizing Faraday's Law.

Current

Fiqure (2.1) Electrode Kiﬂetic Behaviour of Pure Zinc

The above example was concerned with a system
under activation polarization. The same principle can be
applied to systems where one or more of the reduction
processes are under diffusion control. Such an example
is shown in Figure (2.2) which represents the corrosion
of a metal M in a weak acid solution where the reduction
process is under diffusion control. In this example, the
metal M follows the typical anodic dissolution reaction

under activation control. Initially, the reduction rate
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of hydrogen ions is under activation control; at higher
reduction current it is controlled by concentration or
diffusional polarization. The corrosion rate of this

system is equal to i or i

corr L and, as before, is

determined by the intersection between the total reduction

rate and total oxidation rate.

N\
£ =
H/H2 activ. pol.
S
+ S
E
conc. pol,
z \
Epma®y
e ]

Other common cathodic processes besides
hydrogen reduction is oxygen reduction which is the cathodic
reaction for those electrodes of metals above the
}}2/H+ equilibrium, i.e. copper. The successive steps
in this rcaction are (a) diffusion of oxygen molecules
to the metal surface followed by (b) O, adsorption. The
overall reaction is according to equation (2.23).

05 (hqs) t 2H20 + e = 4oH (2.23)

2.3.3  The active-passive transition

When the potential of a metal is raised above its
reversible value Eyv the current density increases
exponentially. However, when the potential exceeds that
corresponding to equilibrium between the metal and one

of its oxides (EM/M o ), we should cxpect the appropriate
X

oxide or hydroxide to form on the metal surface. It is
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because such a film frequently tends to confer protection

and slow down dissolution to aquo-ions that a metal in this
condition is said to be passive. In the neighbourhood of

this region, the current passes through a maximum value, £he
so-called critical passivating current density icrit and

then falls off sharply. The potential at which the minimum
current density is reached is termed the Flade potential Ep
and corresponds to the onset of full passivity. The dotted
line in Figure (2.3) corresponds to the phenomenon of
transpassivity where the oxide film can partially re-dissolve

as hydrolysed ions above E .
M/Mhyd

O2 evolution

logi log Lrit

Figure (2.3) Passivation_of Metal by Anodic_Polarization

2.4 Atmospheric_Corrosion

Atmospheric corrosion, principally rusting, is
probably the most commonly encountered form of corrosion.
If the temperature of a metal surface is below the
dew point, a thin layer of moisture will form and corrosion
of the metal will occur at places where the air-formed
oxide film is thin, in much the same fashion as that
described for corrosion in aqueous media. However, there

will be an important difference, namely that, in the

atmosphere, an abundant supply of oxygen to the cathodic
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areas is available. The presence of sulphur dioxide in

air is the main accelerator of atmospheric corrosion of

metals.

2.5 Corrosion Prevention and Control

Since the requirement for spontaneous electro-
chemical corrosion are the existance of an efficient
electron sink in electrical contact with the metal
concerned and a suitable solvating cage for the métal ion,
it follows from this that we may prevent and control
corrosion in a number of ways.
a) alloying

Alloying is concerned with the improvement of
resistance to corrosion. This involves altering the
structure of metal by solid solution in such a way as
to bring it into the passive region and so offers a
"built-in" kinetic method. An example is the effect of

nickel addition to copper.

b) Cathodic_protection

__________________ ?6h»\@1
By means of an externally applied electric cuxrxresst,

it is possible to reduce corrosion rate virtually to zero,
and a metal surface can be maintained in a corrosive media
without deteriorafion for an indefinite time. Cathodic
protection éan be applied in practice to protect metals
such as steel, copper, lead and brass against corrosion
in all soils and almost all aqueous media.
c) Poisons

Group V metals (or metalloids) such as phosphorus
antimony and arsenic in the form As,03 can inhibit

cathodic reactions, such as hydrogen evolution. It has

. : + . -
been supposed that the arsenious ion AsO is sufficiently
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surface active to adsorb at the normal points at which

pairs of hydrogen atoms can unite.

There are hazards attending this method of
corrosion prevention. Besides that of possible poisoning
of human operatives, thereAis also danger of hydrogen
embrittlement due to high population of uncombined hydrogen
atoms on the surface of the metal.
d) Anodic_protection

Some metals (e.g. iron and stainless-steels) can
be protected effectively by external polarization, shifting
their potentials into the passive region. In practice,
this technigue has so far been confined to metals and
alloys which exhibit base Flade potentials and low iCrit
values (see section 2.3.4), such as 18 Cr - 8 Ni steels.
Anodic protection has found application in handling
sulphuric acid, but the method is applicable to other
acids and alkalies and some salt solutions providing the
critical passivating current is small.
e) Metal coatings

Apart from chemical conversion coatings, where the
metal is protected by its own oxide, phosphate, chromate
and so on, the most common coatingsusedAare plastic
(polymer) sheet; glass (enamel); pitch (bitumen); grease
or oils; paint and metal. The first three owe nothing to
additional inhibitors and might be thought to act
simply by excluding water and oxygen. Many greases and
oils are similarly free from inhibitors although they may
contain deliberate "de-watering" additions. Although
paints are usually highly complex, their basic purpose

bavriev

is again to provide a high resistance patdV 42 Lend
ﬁ&pmbw at the metal surface.
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Metals are coated with metals in order to improve
the corrosion life of the underlayer metal.
£) Corrosion_inhibitors

Inhibitors which form a barrier isolating the metai
fall fairly clearly into two main categories. Those
which promote passivity by causing the corrosion current
to exceed the passivating current density and those which
encourage the formation of some corrosion products often
as an impervious macroscoplic layer. Typical examples of
first type are oxidizing anions such as nitrite NO, and
chromate Cr0,2-. Since they operate by producing a
passivating oxide film primarily at those parts of the
surface where metal cations are formed (i.e. at the anodes),
they are classed as anodic inhibitors.

Specifying cathodic inhibitors inhibit the
cathodic regions (i.e. most of the surface) whilst not
greatly influencing the active anodic sites. An example of
this type of inhibitor are polyphosphates, such as
"Calgon". Organic inhibitors also mainly fall into this
category. However some organic inhibitors inhibit the
corrosion processes both in cathodic and anodic region.
2.5.1  Organic inhibitors

The inhibiting action exercised by organic
compounds on the dissolution of metallic material is
normally attributed to interaction between the inhibitor
and the metal surface resulting in adsorption. The type
of interaction involved may be characterized by an
examination of the adsorption kinetics, the heat of
adsorption, or the reversibility and specificity of the
bond established. The type of interaction which occurs

between a solution species and a metal surface in contact



23
with the solution covers a continuum between the limits

of no interaction at all and interaction to the extent

of compound formation. Nevertheiess, it is common practice
to place each system into one of two categories and label
it either physical adsorption or chemisorption.

When the adsorption process is considered
primarily in relation to corrosion inhibition, it seems
logical to assume that there exists an optimum type of
adsorption bond. Certainly it is true that bonds lying
too near the extreme of no interaction at all will have
little or no influence on the electrochemical cell which
make up the corrosion process. At the other extreme,
formation of a true chemical bond between the metal
and the solution species will, if anything, actually
accelerate the loss of metal. Some evidence for existance
of this optimum bond type is found in some observations
that good inhibitors can become corrosion accelerators
with only small changes in condition of temperature,
concentration, etc.

The principal properties which make up the
character of the bond between surface and inhibitor are:-
1. Type of electronic interaction - For physical
adsorption this consists of either Van der Waals or
electrostatic forces, while for chemisorption an actual
charge transfer or charge sharing takes place between the
solution species and some lattice unit (ion, atom or
lattice defect).

2. Reversibility -.Physically adsorbed species are
readily removed by simply removing the species from
solution, while removal of chemisorbed species requires

morce drastic treatment.

B I T

e
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3. Kinetics of bond formation - Physical adsorption
occurs rapidly provided it is not limited by transport
to the surface or by orientation of complex molecules.
It is also relatively temperature independent, though it
will quite often exhibit an activation energy about
10 kcal. Chemisorption, on the other hand, is frequently
a slow process with a larger temperature coefficient
(higher activation energy).
4. Energetics of bond formation - Processes accompanied
by a relatively large heat of adsorption are characteristic
of chemisorption; lower heats of adsorption are
characteristic of physical adsorption.
5. Specificity - Chemisorption processes, since they
require charge transfer or charge sharing, are specific
in the same sense that bond formation in chemical
reactions is specific, i.e. a given species may chemisorb
on one metal, but be completely indifferent to another.
Physical adsorption is non-specific in this sense.

One mechanism by which adsorbed meterial interferes
with the corrosion process is certainly that of pure
physical barrier, whereby the inhibitor may cause a
straightforward interference with transport of the
corrosive agent; the principal effect is on the H+ + H,
reaction since most inhibitors are nitrogen-containing

adsor Led
cationic compounds, which are assumed to be aserpbed
preferentially on cathodic area. This barrier film theory
requires only a bond of some type between metal and
inhibitor; the characteristics of the bond are of secondarv
importance.

However, it is clear that many effects cannot

be explained by the barrier theory alone, and that
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in most cases of really effective inhibition, the

reduction of metal reactivity which is based upon a
change in the nature of the solia surface, predominates.
Since a reduction in metal reactivity cannot be
accounted for by purely physical adsorption, it is
proposed that the major portion of inhibitor action

is due to chemisorbed species, and that because of the
nature of chemisorption bonds, molecular structure of
inhibitor molecules should have a marked effect on
inhibitor efficiency.

If it is true that the best inhibitors require
chemisorption and a lowering of of metal reactivity, it
should be possible to correlate certain measurable
properties of inhibition and adsorption with known
chemical properties associated with the various molecular
structure. Most organic inhibitors are compounds with
at least one polar functional group containing atoms of
nitrogen, sulphur, oxygen, and in some cases, selenium and
phosphorus. In general, the polar functional group is
regarded as the reaction centre for the establishment
of the chemisorption process.

The electron density in the functional group
acquires particular importance in aromatic or heterocyclic
inhibitors whose electronic structure may be affected
by the introduction of substituents in different positions’
in the rings. The availability of electron pairs for the
formation of chemisorption bonds can thus be altered by
regular and systematic variation of the molecular structure.

Besides the structural paramcters of inhibiting

substances, the importance of the magnitude and sign
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of the surface charge of the metal for the establishment

of the adsorption bonds is clear. The effect exercised
by organic inhikitors on the electrode reactions must be
connected with the modifications induced in the structure
of the electrochemical double layer because of their
adsorption.

Among other characteristics of the metal which
may exhibit some influence on the inhibition processes

must be mentioned purity, the surface treatment and the

cold working of metal.
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CHAPTER THREE

The conventional methods that are generally used
for corrosion studies, can also be used for the study of
the corrosion inhibition. Among various methods, corrosion
rate measurements, electrochemical methods, radiochemical
methods, IR and UV spectroscopy, ellipsometry and more
recently photcelectron and Auger spectroscopy have found
applications.

The corrosion rate can be expressed as variation in
the weight per unit surface and per unit time or as
penetration of the corrosive process into the metallic
material in unit time. The expressions are valid if we refer
to generalized and uniform corrosion processes, but they
have a smaller practical significance in the case of
localized attack phenomena. In the latter case one obtains
an idea of the corrosion rate from the maximum depth
of attack that can be deduced by various physical methods
or by microscopic observations. The amount of metallic
material dissolved can also be determined by estimating
spectrophotometrically the metal that has passed into
solution. Although these methods are useful in studying
the effect of inhibitors upon the corrosion rate, they have
little significance in fundamental studies of the mechanisms
of corrosion inhibition.

Radiochemical methods with labled inhibitors make
it possible to extend the knowledge of inhibition phenomena,
permitting trace detection of substances adsorbed even under

conditions of extreme dilution and provides an objective
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method of evaluating the amount of inhibitor adsorbed.

The advantages of radiochemical measurements become
particularly obvious when it is shown to be possible to
carry out adsorption determination without having to
remove the metal sample ffom the conditions of equilibrium
achieved in the environment under study. Because of the
very specialised nature of radiochemical methods, and the
need for special and expensive equipment for irradiation
and detection, these methods have not found a large
practical application.

ESCA which has found more applications in
corrosion science (8), has been found to be an informative
technique in corrosion inhibition studies and because
of its extensive use in the present work, it is described

in a separate chapter (Chapter 4).

3.1 Electrochemical Methods

Electrochemical methods used to determine
corrosion rates are based on mixed potential theory.
These methods are Tafel extrépolation, and linear
polarization techniques. The Tafel extrapolation technique
uses data obtained from cathodic or anodic polarization
measurements. A schematic diagram for conducting a
polarization measurement which has been used for the
present study is shown in Figure (3.1l). The metal sample
is termed the working electrode and the current is
supplied to it by means of an auxiliary electrode composed
of some inert material such as platinum. Current is
recorded in a logarithmic scale and potential is recorded

on the other axis of an x-y plotter. The reference electrode

is typically a saturated calomel electrode.
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The curve obtained in this fashion is non-linear at

low current, but at higher current it becomes linear.
Applied cathodic current is equal to the difference

between the current corresponding to the reduction

process and that corresponding to the oxidation or
dissolution process. It is obvious that at relatively

high applied cathodic current densities, the applied

current begins to approach total actual cathodic current,
since the corresponding total anodic current becomes
negligible. In actual practice, an applied polarization
curve becomes linear on a semi-logarithmic plot at
approximately 50 mV more active than the corrosion potential.
This region of linearity is referred to as the Tafel region.
To determine the corrosion rate from a polarization curve,
the Tafel region is extrapolated to the corrosion potential.
At the corrosion potential, the rate of cathodic reaction
e.g. hydrogen evolution or 0, reduction is equal to the
rate of the metal dissolution, and this point corresponds

to the corrosion rate of the system expressed in terms of
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current. Under ideal conditions, the accuracy of the

Tafel extrapolation method is equal to or greater than
conventional weight-loss methods described earlier.
With this technique it is possible to measure extremely
low corrosion rates, and if can pe used to monitor

the corrosion rate of a system.

Although this technique can be performed rapidly
with high accuracy, there are numerous restrictions
which must be met before this method can be used
successfully. To ensure reasonable accuracy, the Tafel
region must be extended over a current range of at least
one order of magnitude. In many systems this cannot be
achieved because of interference from concentration
polarization and other extraneous effects. Further, the
method can only be applied to systems containing one
reduction process, since the Tafel region is usually
distorted if more than one reduction process occurs.

In summary, the Tafel method is very useful and can be

used in certain circumstances to rapidly measure corrosion

rates. However, the inability of this method to determine
the surface film chemistry, limits its usefulness in
studying corrosion inhibition mechanisms unless it is
used together with another method such as ESCA or I.R.
reflectance spectroscopy.

3.1.1 Experimental techniques

All cell-electrode arrangements can be divided into

two groups. The first group includes the two electrode

arrangement and the second, the three electrode arrangement.

Every cell must have an anode and a cathode and each one

may be the working electrode. The potential of the working

electrode is measured or controlled, hence the need for a
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reference electrode. In the two electrode arrangements

the reference electrode also serves as a counter electrode.
This arrangement is suitable only for cases where the
current passed through the cell is very small, so small
that the reference—countef electrode can be regarded as
ideally non-polarizable (i.e. of constant potential).
Since the potential of the reference electrode is constant,
any change of cell potential may be regarded as a change
in the potential of the working electrode.
The auxiliary electrode must be made of a material
that will not react with the solvent or any component
of the solution over as wide a potential range as possible.
The potential of reference electrode should be
constant, established quickly and not vary much if a
few microamperes are passed through the electrode. In other
words, the electrode should have a minimal resistance.
This resistance should be independent of the direction of
current flow and should be constant. This implies that the
current-potential curve for a reference electrode should
look like that in Figure (3.2a) and not the one in

Figure (3.2b).
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Potential of saturated calomel electrode with electrode

symbol Hg/Hg,Cl,/KCl (sat.) is 0.2412 against the
standard hydrogen electrode at 25(%LThe electrode reaction

given by equation (3.1).
2Hg + 2C1~ = Hg,Cl, + 2e (3.1)

The electronic equipment used in the study of
electrode processes may vary considerably in degree of
sophistication and in price. However it can conveniently
be described by referring to the simple polarographic

circuit for three electrode arrangenent which is given in

Figure (3.3).

‘—-——|||B|I|————-—
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This basic circuit is made up of a variable
voltage source, a cell and a current measuring instrument.
The voltage of the source is applied across the anode
and cathode and the working electrode potential is
measured between the latter and a reference electrode
using a suitable instrument.
The simple variable voltage source is a battery
connected across a potentiometer and adjusted manually.
The batteries can be replaced by a mains operated rectifier

and the hand-operated potentiometer may be replaced by a
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synchronous motor to drive the potentiometer and so provide

a linear change of voltage with time.

The simplest current measuring instrument is the
galvanometer, but its sensitivity ié limited to small
currents, the current cannot be conveniently recorded and
its operation is slow. If the galvanometer is replaced by
a current measuring resistor, the potential drop across the
latter is proportional to the current passed. Thus the
current measuring problem converted to a voltage measuring
problem. Here, potentiometric recorders are very useful
when the rate of change of voltage is much lower than the
response time of the recorder. For faster changes
oscilloscopes are used.

In order to record current voltage curves directly,
one may use Xx-y plotters, where one voltage drop (across
the standard resistor) is fed to the y axis and the other
(between the working and reference electrodes) is fed to
the x-axis. Since large currents are not supposed to pass
through the reference electrode, the measuring instrument,
i.e. recorder or oscilloscope, must have a high input
impedance.

Often, when using three electrode arrangement,
one is interested in controlling the rate of change of
potential difference not between the cathode and the
anode, but between the working and reference electrodes.
In other words, one wants to adjust the potential
difference between the latter two electrodes to a desired
value and apply the voltage between the anode and cathode
as needed. This can be done automatically using the
instrument known as a potentiostat. In the present study,

a Wenking Potential Control Amplifier model PCA72M was
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used whose block diagram is shown in Figure (3.4).
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This consists of two operational amplifier (FOV) and

one output power amplifier (LV) and a power supply.

The potential picked up by the reference electrode
capillary system at the surface of the working electrode
controls the non-inverting (+) input of the buffer amplifier
FOV. This operational amplifier has an output voltage
equal to the reference electrode potential vis the
grounded working electrode less the voltage suppressed
by the control voltage source. The buffer amplifier

has a very fast response so that input and output
voltage correspond to each other within a short

period less than 1 usec. The output of the buffer
amplifier controls the inverting (-) input of the
following operational amplifier FOV. This input is kept
at virtual ground potential by feedback across LV

and the electrochemical cell. The power supply for the

output amplifier LV is floating vis ground. The cell
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current closes via the variable resistor R. A voltage
drop vis ground is proportional to the current is
existing at the current output terminals. The voltage
drop proportional to current can feed back one of the
superimposing inputs. This_results in a positive
feedback, as it is applied for IR-drop compensation.
The R compensated in the cell is equal to the ranging
resistor R. |

The complete polarization cell used in this study,
together with its salt bridge and reference electrode,
is shown in Figure (3.5). The cell is a modified, multi-
necked, one litre round bottom flask. The multiple necks
are used to introduce electrodes, gas inlet tube,
thermometer, and other accessories. The Luggin probe
(salt bridge) enters the cell through a clamped, ball
and socket joint. This arrangement which is recommended
by Greene (9) permits the flexibility necessary to align
the Luggin probe adjacent to the working electrode.
Working electrodes were constructed to have only one flat
surface exposed and faced to the Luggin probe. For details

of the working electrodes construction see Appendix A.
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3.2 Infra-red Spectroscopy

Infra-red spectroscopy has been of the greatest
value in the structural determination of molecules. Its
application to the study‘of surface chemistry has provided
éne of the most direct meaﬁs of observing the interactions
and perturbations that occur at the surface during
adsorption and of determining the structure of adsorbed
species.

Infra-red spectra originate in the transitions
between discrete vibrational -~ rotational energvy levels of
molecules. If radiation of a particular frequency
corresponds to the energy difference between the ground
and the first vibrational level of a molecule, energy will
be absorbed provided the transition is allowed. Hence
an absorption band will be observed at the appropriate
frequency. Change of rotation state may occur simultaneously
with a vibrational transition. This gives rise to the
familiar shape of gas-phase vibrational spectra with two
or three branches associated with each band indicating the
vibrational - rotational transition. Provided the
spectral resolution is sufficiently high, the individual
rotational lines in the vibration - rotation spectrum may
be resolved.

In the liquid phase, the rotational freedom
of the molecule is lost and free rotation is replaced by
liberational motion within the cage of the solvent molecules.
This leads to disappearance of the rotational fine structure
and its replacement by a single curve corresponding to the
vibrational transition. The suppression of the
rotational structure is brought about by the collisions

incurred during the restricted rotation in the liquid.
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The vibration associated with a molecule, in
general, may be described as bond stretching, bond bending,
or deformation and torsional vibrational modes. The
frequencies of various types of vibrations are determined
by the mechanical motion of the molecﬁle and depend
on the force constants of the bonds between atoms and the
masses of the vibrating atoms. The intensities of the
infra-red absorptions are determined by electrical
factors such as dipole moments and polarizability.

It has been found that certain structural
groups of atoms give rise to vibrational bands in the
same region of the infra-red spectrum irrespective of the
complexity of the molecule in which the group is situated.
in such cases it can be assumed that a particular vibration
is essentially localized in that structural group,
although for a fundamental vibrational mode every atom

in the molecule undergoes periodic displacement, in phase

with the same frequency, but the displacements of atoms not

in the functional group have small amplitudes. Minor
variations of the characteristic group vibrational
frequencies arise as a result of local differences in
molecular environment, either because of intra-molecular
interaction between groups in the molecule, or inter-
molecular interaction with the surroundings (e.g. solvent
effects). Such frequency changes may be used to
investigate the interaction between a group and its
environment.

To date, the application of infra-red spectroscopy
in surface studies has been confined to rather limited
spectral regions and not all absorption bands belonging

to a surface molecule have been recorded. This is due to
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strong absorption of infra-red radiation by the solid

substrate to which the molecules are bound. As a
consequence, the assignment of structures has been made
on the basis of similarity behwesn relatively few
bands in the spectrum < the surface spécies and those
of molecules in bulk liquid or solid phasms. The question
at once arises as to the validity of this comparison
of the spectra of molecules in unsymmetrical surface
environment with those in more uniform surroundings.
In a review of this subject, Eishens and Pliskin (10)
have suggested that such comparisons have produced results
which are self-consistent for a wide variety of adsorption
systems. At the present stage in the application of the
infra-red technique to surface phenomena, a considerable
body of evidence has been obtained wherein good correlation
exists between the spectra observed and anticipated surface
structure.
3.2.1 Multiple - reflection_technigues

An important approach.to obtaining spectra from
adsorbed molecules on metal surfaces is to use a multi-
reflection technique. Francis and Ellison (11) first
carried out such measurements using a small number of
oblique reflections, to obtain spectra from fatty acid
layers on metal surfaces. The source and sample optical

arrangement is illustrated in Figure (3.6).
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The two beams are focused between the front
beam mirror, Mg and Mg', and the back beam mirrors, My
and Mpr. The sample film whose absorption spectrum
is desired is deposited on one ofAthe sets of mirrors
Mr and Mp:' or Mg and Mgr. The oﬁher set is cleaned and
serves as reference mirrors. A convenient arrangement
used in most of the work consists of mirrors 2 in. long
by 1% in, high separated % in. and set to the angle of
incidence is 72°., With this arrangement the beam is
reflected twice from each mirror, giving a total of
four reflections from each pair of sample and reference
mirrors. In this arrangement, it is virtually impossible
to obtain more than two reflections per mirror.

A modified system by J. Leja et al (12) allowed

them to obtain a larger number of reflections. Schematic

drawing of sample mirrors used by J. Leja and others
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is illustrated in Figure (3.7).

Centre line of infra—red
sample beam

Class
backing plate

Aluminium

In the modern units, such as the specac
multi-reflection A.T.R. 1000, which has been used in this
work, a total of 25 reflections is obtainable. The unit
is designed for use with internal reflection crystal.

This unit permits radiation to be incident on the

associated crystal at any angle between 30° and 60°.
Radiation is concentrated and.collected from the crystal

by four surface aluminized mirrors which produce very

little energy loss. In the present work, instead of a

crystal prism, an air gap between the two parallel reflecting
samples was used. Using this technique, the incident angle

on the sample could be changed and the gap between the
samples is variable, so the number of reflectance could be

controlled. Figure (3.8) shows the optical arrangement

of this unit.
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An identical unit was placed in the reference

beam to maintain the optical balance.
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CHAPTER FOUR

- — - o —————

In the current work, the ability to study
the formation of films on metal surfaces is crucial.
In recent years, powerful new physical techniques
have been developed which are critical in studying
surfaces of material. In characterizing a material,
perhaps -the most important special area of interest,
is the surface. A surface, by definition, is an
interface - a marked discontinuity from one
material to another. Examples of the new techniques
for surface studies include X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES)
and low energy electron diffraction (LEED). A way of
looking at current techniques used in surface
characterization is shown in Figure (4.1). The modes
of excitation and emission can best be categorized
in terms of photons (hv), electrons (e”) and ions.
Photons include all wavelengths of electro-magnetic
radiation, but for these techniques are restricted

to the X-ray and ultra-violet region.

- —r—— — on
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Exgltgtlon/ hv e” " Ions
Emission
hv X-RF EMP IEX
- - SCANIIR
_ ESCA | SEM
e PES AES SEM
AES EM
IMMA
SIMS
Tons 1SS
RUTHERFORD
AES Auger electron spectroscopy
EM Electron microscopy
EMP Electron microprobe
ESCA Electron spectroscopy for chemical analysis
IEX Ton excited X-ray fluorescence and ion impact
radiation
IMMA Ton microcrobe mass analyser
ISs Ion scattering spectroscopy
PES Photoelectron spectroscopy

RUTHERFORD Rutherford scattering
SCANIIR Surface composition by analysis of neutral

and ion impact radiation

SEM Secondary electron microscopy
SIMS Secondary ion mass spectroscopy
X-RF X-ray fluorescence

Fiqure_ (4.1) Summary of Techniques_for Surface Analysis

Excitation and detection system used in surface

analysis is shown in Figure (4.2).
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For more detail see references (13) and (14) in

which these techniques are described in detail.

4.2 X-ray_Photoelectron_Spectroscopy (XPS_or ESCA)

When a solid sample of the material under
investigation is exposed to X-ray radiation of an
accurately known energy, the photo-electrons freed by the

photoelectric process will have a kinetic energy given by
Eyin,c = Bv = Bp = ¢o = By = ¢¢ (4.1)

where hv is the photon energy and Eb is the atomic
electron binding energy. The quantity P known as

the work function of the sample, is the amount of

energy required to raise an electron from the Fermi
level edge to just outside the sample bulk, where it has
zero kinetic energy. TFigure (4.3) shows the relations
among the quantities involved. When the electron leaves

the vicinity of the converter, the zero energy level
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position (at a work function of energy above the Fermi

level) will change slightly to refer to that for the
spectrometer material. During the time that the energy

analysis takes place, its kinetic energy is

Ekin,sp = Ep - ¢sp (4.2)

which is the measured value. Since the binding energy of
an atomic electron in solid converter is defined as the
energy necessary to raise it to the Fermi level, its value

can be obtained from the photoelectron energy by

EB = hv - EF = hv - Ekin,sp - ¢sp (4.3).

S u,"‘.ow\e)m/
in which ¢sp indicates the Exayaﬁi work functions, i.e. the
total energy required to remove an electron from the Fermi
level to a position outside the material bulk, its final

‘kinetic energy being zero.
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Figure (4.3)
Since a given atom's electrons occupy distinct
orbitals of characteristic energy, when photoelectrons

are emitted they do so at well defined kinetic energies.
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Also, as different elements have different sets of

binding energies for various orbitals, energy analysis

of the emitted photoelectrons allows the identification

of individual elements. Figure (4.4) shows a typical

XPS full spectrum for polished copper. The ability to
uniquely differentiate between elements was partly
responsible for the method§i being named Electron
Spectroscopy for Chemical Analysis (ESCA), and has led

to its widespread application for this purpose, especially
to solids. Gas phase and liquid phase studies can also

be carried out, though they do not concern us here.

4.3 Instrumentation

Essentially, an electron spectrometer works in
the following manner. An excitation beam (electrons,
ions, X-ray, etc.) irradiates a target sample;
the ejected electrons enter the spectrometer and
are separated according to their kinetic energies,
they then strike a detector and are counted and
data are stored in a suitable manner. Figure 4.5.
is a schematic drawing of an electron spectrometer
divided into its essential components.

Since all results in this work were obtained
using a Vacuum Generator ESCA 3 ultra-high vacuum (UHV)
photoelectron spectrometer, all diagrams and devices
explained are referred to this instrument.

The excitation source is a Mg/Al double anodde
X-ray gun. This consists of a water-cooled anode
coated on one side with magnesium and on the other with
aluminium. Close to each coating lies a filament which

thermoionically emits electrons which are then
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accelerated to the anode, exciting Mg or Al Ko radiation
of 1253.6 and 1486.6 eV energy and 0.7 and 0.9 eV
band width respectively. An aluminium window isolates
the X-ray gun from the analyser chamber. This prevents
stray electrons from entering the analyser, lowers the
background X-ray level, and keeps the pressure in the
analyser chamber as low as possible.

The precision of the final energy measurement
is dependent upon using the most narrowly defined
source of exiting radiation available. Since the line
width of X-ray emission is proportional to atomic number,
the 1ightest elements with well-defined intense radiation
are the most desirable sources. Figure (4.6) shows the

theoretical and experimental width of the atomic levels.
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Although Cu and Cr were used historically, the targets
in most common use today are Al and Mg. Sometimes, for
further narrowing the X-ray beam and elimination of stray
radiation, an X-ray mono—-chromator is used. However,
with some mono-chromators,. the alignment of the samples
becomes extremely critical, and a drastic loss in
excitation beam intensity must be expected from all such
devices. The spectrometer used in present study, was not
equipped with any monochromator.

The second part of a spectrometer (Figure 4.5)
is the electron analyser. This is a 1509 hemispherical
electrostatic analyser, a schematic diagram of which
is given in Figure (4.7).
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The technique used to energy analyse the electrons
operates by keeping the potentials on both sections of

the analyser constant, and hence focussing a constant electron
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kinetic energy, while decreasing the positive retard

voltage placed between the slit and the samplé in a linear
manner. Once a photo-electron has enough energy to both
escape from the retard field, and traverse the path
through the analyser as éhown by the dots in Figure (4.7),
then it is collected by a 200 V positive potential
applied to the electron multiplier cup} and is detected.
By scanning the retard voltage over, say 1000 V, several
peaks may be recorded when core level photo-excited
electrons have the éorrect energy. The potentiai across
the two faces of the analyser may be changed to alter

its sensitivity and resolution.

Finally the data were accumulated by employing
"a PDP-8f mini-computer. The éﬁggig;% is interfaced with a
digital cassette system for recording data, an x-y
plotter for final manipulation of output data, and an
oscilloscope for a visual display of the spectra. Besides
recording data, the computer may be used to process
spectra, andggg;e useful programmes such as curve
substration, smoothing.

In ogder to provide a UHV environment, which is
desirable for reliable surface sensitive studies (see
below) and good resolution, the spectrometer is contained
within a vacuum chamber pumped by two diffusion pumps
charged with Santovac 5 o0il, through anti-creep liquid
nitrogen traps. The instrument is also equipped with
several other devices such as an argon ion gun for ion
sputtering (etching and sample cleaning) and a quadruple

mass spectrometer for residual gas analysis.
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4.4 Surface_Sensitivity

The reason for the applicgtion of XPS to surface
studies lies in the low mean free path that photoexcited
electrons can travel through a solid without suffering
energy losses. The graph below, Figure (4.8), taken from
Prutton (16) demonstrates that electrons of around

100 eV k.e. have the smallest mean free path and hence

the greatest surface sensitivity.
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Most useful lines in XPS lie in the energy
range 500-1100 eV k.e. for which the mean free path is
still very small, having a value of approximately 2.5 nm.
These low values mean that only photoelectrons from the
very outer layers of a solid can contribute to the total
photo-emission from the sample under study, and this
fact forms the basis of the usefulness of the technique

for surface analysis.
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Not only is the technigue sensitive to the
surface layers, but within those layers small quantities
of a minor constituent can be detected. This was amply
demonstrated by Siegbahn et al (14) who found they
could detect the presence of only 1013 atoms of iodine,

a figure which represents only 1 or 2% of a monolayer
coverage of the surface.

Studies or analyses may bé performed on a given
atomic species even i1f it is present as a minor
constituent in the presence of many other atoms in the
molecule. For example, Sighbahn et al (14) observed the
cobalt signal in a 100 A layer of vitamin B-12 in which
the cobalt was present as 1 atom in 180 atoms of carbon,
hydrogen, nitrogen, and oxygen. In yet another study,
the disulfide bridges could be studies in insulin (mol. wt.
6000) , though only three such bridges exist in the molecule.

Although the sensitivity quoted is quite good,
one must remember that the figures relate to samples in
which the entire amount of material is deposited in
a small area (0.5 cm?). If the material to be studied is
dispersed in a large amount of another material, the
total amount of contaminant that will be able to be
placed into the sample holder will be much less than the
minimum detectable quantity. Thus, ESCA, though sensitive to
an extremely small amount of many species, is not yet a

technique for trace analysis.

4.5 The Chemical Shift

The binding energy for a particular core level

is influenced by the chemical environment in which that

atom finds itself. More specifically, the effective
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nuclear charge which an electron experiences is a

function of the type and extent of bonding that the

atom is taking part in. It is possible, using XPS

to detect shifts in the binding energy of a particular

core level, and hence yield chemical information concerning
that atom. The diagram below, Figure (4.9), shows that

the four different chemical environments of the carbon
atoms in the structure shown gives rise to four distinct

carbon 1ls peaks in the spectrum.
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Also important is the fact that the more electron
deficient individual atoms become, the greater the chemical

shifts will be. This is because the effective nuclear
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charge has increased and so the binding energy also
increases. Similar behaviour is found in the various
oxidation states of most elemenfs,'allowing the
qualitative analysis of a sample in terms of chemical
structure. For the oxidation of metals, shifts to higher
binding energies of the order of up to five electron
volts are usually encountered for the substrate peaks
when oxide nucleates.

To a simple approximatg@ion, the binding energy
of an electron may be expressed as:

_ o
Eb = kA dp + I qB/rab + ER (4.4)

where kA g, represents the contribution from the net

formal charge on the atom considering that, in bonding, the
electron is not removed to an infinite distance. The charge
environment of an atom is not confined to its own electrons
and those of atoms to which it is bonded. The second

term takes into consideration the molecular and lattice
potentials i.e. the field contribution from nearby atoms
within the molecule or within the lattice. ES is a

R
reference level.

Several approaches have been used in an attempt
to arrive at atomic charges that correlate with observed
chemical shifts. The first and simplest of these uses

Pauling electronegativity calculations.

g. = Q, + I nI,. (4.5)
i i vy ij

where Q; is the formal charge on atom i, n is the number
of bonds in which it is involved and I,y is the partial
ionic character of the bond between atoms i and j.

Iij may be expressed as

- o

v e b v——
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2
Iij - e 0:25(xy - x3) (4.6)

where X3 and Xj are the Pauling electronegativity wvalues
of i and j, respectively. However, the uncertainty in ~

the bond numbers affects the caltculation of charges.

The absolute values of the charges calcglated by this
treatment should therefore be regarded as very approximate.
They should only be used for comparing bonding effects

in a series of similar compounds, i.e. only their

relative values are significant.

The correlation of chemical shifts with
independently estimated charges constitutes an interesting
contribution to the discussion of the character of the
bonds. Proviaed that ESCA shifts reflect the atomic
charge in molecules in a constituent manner, agreement
of a calculated charge with the general pattern implies
that the structure on which the calculation of charge
has been based is correct. Deviation from the general
correlation would mean that the structure chosen for
the calculation has been incorrect. Deviation can
therefore serve to single out interesting cases for
study, and may provide useful information on chemical
structure.

Because of the importance of nitrogen and
sulphur in present study, electronegativity values of
elements involved in nitrogen and sulphur bonds as
well as partial ionic character for bonds derived from
the Equation (4.9) are given in Table (4.1), (4.2),

(4.3) and (4.4) later in %this Chapter. Tables (4.7) and
(4.8) show the calculated charge and measured binding

energies (Ep) for a series of nitrogen and sulphur
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containing compounds. Calculation of charge from
partial ionic character data is carried out using

Equation (4.2) (14).

Element Eigiiiﬁlfy Element Eécexgtigzty
H 2.1 N 3.3
c 2.5 0 3.5
c 2.2 o 3.2
N 3.0 s 3.2
N 2.7

Bond  PALRial Aomic | mona  PALR o C
N -H ~0.18 N -0 +0.06

Nt -H ~0.30 N -0 +0.01

N -C ~0.06 N -0 +0.01

N -C . -0.15 N -0 ~0.00

Nt -C ~0.15 N -8 ~0.06

N - N ~0.02 N -s ~0.15

Nt - ~0.09

Table (4.2) Partial Ionic Character for Bonds

mement. Btz | mesens NeUT
S 2.5 cl 3.0
s~ 2.2 F 4.0
s* 2.8 Na 0.9
s** +3.1

Table_(4.3) Electroneqgativity Values_of Elements_involved

. ———
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Bona  FAfRial 1OMiC | pona  PATLY er
S - Na ~0.47 st - o +0.12
S -H -0.04 s2t- o +0.04
S -cC 0 1 st -0 . +0.04
st - ¢ 0.02 g2t~ o ~0.00
2t- ¢ -0.09 S -Cl - +0.06
S - N -0.06 st - c1 +0.01
s - nt +0.15 s2+- c1 %0.00
st - x +0.01 S - S 0
s2t- N ~0.00 s - s~ -0.02
S -0 +0.22 s - st +0.02
s -o +0.12 s - g2t +0.09
s - ot +0.35 s - g2t +0.18

S - F +0.43

Table (4.4) Partial Ionic Character for Bonds

4.6 Shake-up

When a core electron is photo-ejected, the
coulombic potential experienced by the outer shell electrons
is suddenly altered. This sudden perturbation may induce a
"shake-up" transition, involving the excitation of a
valence electron to a higher previously unoccupied
orbital. The shake-up process is thought of as taking
place simultaneously with core electron photo-ejection.
If shake-up occurs, the kinetic energy of the ejected
core electron will be less than that of an electron
ejected from a corresponding core orbital in another
molecule where shake-up has not occurred. Consequently,
shake-up satellites always appear on the higher binding

energy side of the main peak.

—— s

Vot e
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Shake-~up satellite in the XPS spectra of
many molecules have been reported, e.g. first row
transition metal complexes. These peaks typically
appear less than 10 eV away from the main peaks and
in some cases e.g. Cu Fy kl?, 31) and Mn 12 (18) are
almost as intense as the main peak. Several suggestions
have been made concerning the exact nature of the
valence excitation corresponding to the shake-up, it
has been variously described as 3d -+ 3d, or to 3d - 4s,
3d -~ 4p (17, 19, 20, 21) or as a charge transfer (C-T)
type transition (22, 23). The balance of the evidence,
however, seems to support the charge-transfer assighment
as first proposed by Kim (22) and Pignataro et al (23).
According to Kim (22) a Metal-Ligand (M+L) charge-transfer
shake-up will give rise to a satellite structure in the
ligand core electron spectra, while a L»M C-T transition
will result in satellite(s) appearing in the metal core
electron spectra.

It is interesting that XPS data alone support
the charge-transfer mechanism as being responsible
for the appearances of satellite peaks. For example,
satellite structure has been observed in the 2p
photo-electron spectra of some scill complexes (24).

A 3d » 4s, 4p, electron shake-up is therefore impossible
because of the lack of 3d electrons.

Frost et al (17, 31) studied 46 Cu(II) and Cu(I)
compounds and noted satellites only in the spectra of
divalent copper. Since Cu(I) has a dlo configuration,
C-T transitions of a ligand to metal d orbital nature
are impossible. Any other allowed transition would be of

very large energy and thus improbable. The only probable
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transition for'Cu(II)'complexes would be of a IL-M
nature,.
Shake-up satellites appear in the spectra many
gases such as noble gases (25), or in organic

molecules such as C 1ls in thiophen, pyrolle and furan (26).

4.7 The_Auger Process

The ejection of either a valence or a core
electron by the action of an X-ray photon, leaves thé ion
in an excited state. The relaxation process then can
take place via two different pathways. If an outer
electron drops to f£ill the vacancy in the inner orbital,
dissipating its energy by releasing a photon, the process
‘is called X-ray fluorescence. Alternatively, when that
higher orbital electron falls into the hole, it may
transfer its energy to another electron. If this energy
is sufficiently large, the electron will be emitted
from the atom with a kinetic energy characteristic of
that transition, leaving the atom in a doubly
ionized state. This second process is termed the Auger
process. This process is shown in Figure (4.10) for
the singly ionized Si atom. The electronic energy levels
are listed on the left (eV) with the zero of energy
at the Fermi level Eni Eg is the bottom of the conduction

band.
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The energy E of the ejected electron can be
estimated by assuming the diagram of Figure (4.10), to
be approximately valid. The energy released is EK - EL1
(exactly), but the ejected electron must expend the
energy (Ei’2 5 + ¢) to escape the atom, where ¢ is the

r
work function and E! # E
Lg,3 La,3
due to the extra positive charge of the atom. Because of
this positive charge, EL should be approximately equal
2,3

to the Lj,,3 ionization energy of the next heavier element,

or E! (z) =

E (Zz+A), where 7 is the atomic number
Lo,s La,3

and A=l to account for the extra charge, therefore

E (Z2) = EK (2) - ELl (z) -~ E2r3 (Z +A) = ¢ (4.7)

Equation (4.7) is useful because E is expressed
in terms of single ionization energy level which can be
found in the X-ray and photoelectron energy tables.
Equation (4.7) can be generalized to any Auger event

involving the levels Wo Xp Yq; also, the actual measured
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energy will have an additional term - (¢sp - ¢), which
is the difference between the wprk functions of the
energy analyser ¢sp and the material under investigation.
This gives

way (2) = EW (z2) - Ey (z2) - Ey (z + &) - ¢sp

(4.8)

Experimental wvalues of A are generally between
1/, and 3/,.

The observed kinetic energy is dependent only
upon the energies of the initial and final states
of the species, as in X-ray fluorescence. The kinetic
energy of the Auger electrons are therefore nct dependent
upon the energy of the exciting radiation or electron beam,
but is constant. Auger lines, as a consequence, may serve
as a convenient standard in an ESCA spectrum.

Since the final state of an Auger process involves
coupling of the two remaining holes, this gives rise to
various lines in the spectra. Each line is designated
according to the energy levels involved in the transition.
Thus a KLL Auger electron is generated by the creation
of a hole in the K shell, the 1ls level, followed by the
collapse and emission of electrons from the L shell,
either 2s or 2p. For example, X-ray induced Auger transition
are visible in the photo-electron spectrum of copper,

(see Figure (4.4)). Chemical shifts of Auger lines are
also found when the effective nuclear charge changes

from one chemical environment to another. However,

since many important Auger lines include the wvalence

band in the transition, simple interpretation in terms of

oxidation state is made more difficult. For instance the
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Cu(II) IMM line falls between those derived from

Cu(0) and Cu(I) oxidation states. This will be discussed
later in this study.

Finally this must be stated that, Auger emission
and X-ray fluorescence do not occur with equal probability
in all elements. In the lighter atoms, i.e. below atomic
number 11, X-ray fluorescence is virtuaily non-existent,
whereas Auger emission occurs with a probability of
about 1.0. Above atomic number 11, the probability of
Auger emission decreases as that for X~ray fluorescence
increases, the 50% probability point being at about atomic
number 33 (arsenic). X-ray fluorescence therefore is not a

useful technique for the study of the lighter elements.

4.8 Calibration
In order to compare results for binding energies
with those obtained by other workers, a calibration
against some known standard is necessary. The choice of a
suitable standard is not easy, however, and disagreement
on procedures to be used, exists amongst various workers.
Binding energies for good conducting samples are
usually referred to the Fermi edge of the metal or alloy in
question. Unfortunately for a sample with a poor defined
Fermi edge this is not an accurate procedure, and so this
may be overcome by placing some gold in electrical contact
with the sample and accurately determining the kinetic
energy of the gold core levels. Usually this level is the
4f7/2 level peak since it is quite intense and has a narrow
line - width, and its binding energy relative to the Fermi

level is known.
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Sample charging effects occur when electrons

are omitted from the surface of an electrical insulator.

A positive net charge might be formed, causing a decrease
in the measured electrcen kinetic energy. During irradiation
with X-rays, the radiatioﬁ might cause an increased
conductivity of the sample’ and secondary electrons might
tend to neutralize the surfacevchérge. In most cases, the
observed charging effects were small, of the order of one
electron volt, but sometimes effects of several electron
volts have been reported (27). In calibrating non-conducting
material, the effect of charging must be determined cor
eliminated. The charging influence can be controlled.by
calibrating the sample spectrum against an electron 1line
from a thin surface layer on the sample. A noble metal
layer e.g. gold (28) or the hydrocarbon contamination
layer, which is usually present in spectrometers, have been
shown to be useful for calibration.

An intra sample calibration, in which the sample
is mixed with a non-conducting material is reported (27)
unreliable, while mixing the sample with graphite can be
useful.

In this study the binding energy scale was chosen
such that the C 1ls level was 285.0 eV. This is because carbon
is present as a contaminant in virtually all measurements.
The C 1ls line has been used by many researchers with

reasonable accuracy (27, 29).

4.9 Applications of ESCA
The most important use of the ESCA technique
undoubtedly is in surface studies. However, the potential

of ESCA for other practical applications is extensive.

-

. emam——
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These applications fall into the areas of analytical
chemistry, biological systems, geology, polymers and
alloys, catalysis, environmental studies, etc. ESCA
application in corrosion science has been carried out
successfully, mainly because corrosion is basically a
surface phenomenon. An excellent review by Castle (8)
considers the advancement of the ESCA technique in
corrosion studies. For details of ESCA application in
different areas see references (13,14).
4.9.1  ESCA_study of copper_and copper_ compounds

X-ray photoelectron spectroscopy has been applied
to study copper and copper compounds by many workers
(30, 31, 32, 33). Novakov and R. Prins (30) studying
the spectra of solid Cuy0, Cu Cl, Cu O, Cu S and Cu S04,
reported the existence of satellite having various
degrees of complexity, adjacent to the Cu 2p photolines
in all cases. In an extensive study of copper compounds,
Frost et al (31l) discovered the importance of air
oxidation and photo reduction. They reported that all
cupric compounds measured had intense satellites on the

higher binding energy sides of the 2pl/2,2p 3s,and 3p

3/2’
peaks, with the last being much the weakest. All cuprous
compounds examined had no satellites associated with any
of these bands. Another difference found was that the
width of the main peaks from the cuprous compounds was
narrower than that of cupric. Frost et al (31) explained
the spectra recorded by Novakov (30) as arising from
surface contamination (oxidation) of cuprous species.

The binding energies of 34 cupric and 12 cuprous compounds
are reported for L L M

M photoelectron

IT’ “1II’ "I’ TIT' 1IIT



66
bands of the copper, and X band of C, N, O and most

intense bands of the other elements. This table is
re-produced in Table 4.5.

The chemical shift between homologous
compounds of different o%idation states were reported
to be 1.3 eV for CuO and Cu,0, 1.9 eV for CuBr) and
CuBr and 1.9 for CuCl, and CuCl. The chemical shifts
of the co-ordination complexes with the neutral ligand
molecules were more complicated and difficult to predict
on the basis of simple electronegativity concepts.
According to these workers (31l), qualitatively, there
are two factors which determine the binding energiés
in the co-ordination complexes. One is the effect of
charge transfer between ligand atoms and the counter
anion on the charge of the copper atom. Another effect
comes from the change in lattice energies of the
different compounds. Frost et al reported a 1.8 eV
increase in binding energy of the N 1s electrons of
di-dipyridyl complexes compared with the neutral
di-dipyridyl . (N ls 399.1 evV).

In a determination of photoelectron and Auger
chemical shifts, P.E. Larson (32) reported data for
metallic copper, Cu O, Cu,0 and Cu,S. Of the four Cu 2p
spectra, only Cu O exhibited multiplet line broadening
and the shake-up satellites. The spectra of the cuprous
compounds were found to be almost identical with
the copper spectrum in terms of line width, binding
energy, and absence of satellites. The Cu 2p chemical
shifts, referenced to the metal, are given in Table (4.6).
Larson reports in addition to its other features, that

the Cu O spectrum has a substantial chemical shift of



Cu L II(2p1/) Cu L III(2p3/) C N 0 X
Main Main
Satellite peak Satellite peak
CuF, 6.2 959.6 6.7 939.7 F 687.9
CuF,.2H,0 7.2 957.9 7.5 938.1 534.9 F 686.7
Cu (OH) » 7.6 957.3 7.6 937.4
CuCOs3 7.3 957.1 7.8 937.2 287.5 533.9
Cu (AcO),.H0 7.7,5.2 956.6 9.0,5.8 936.7 287.0 534.0
Cu (AcO),.2en.Hy0 8.7 956.0 8.8 936.2 401.6 533.1
Ccu0 8.5 956.3 9.4,7.8 936.2 532.9
K,Cu (Cp04) 2 8.5 956.1 9.2,6.2 935.8 286.2, 289.9 533.2 K 294.4
Cu(NOj3),.3H0 8.5 956.0 9.3,6.2 935.9 408.3 533.5
Cu (@C00) 4 8.5,5.2 955.9 9.4,5.9 935.7 285.6, 289.7 532.1
Cu (acac)t 9.3,5.0 955.3 9.5,5.1 935.4 285.9, 287.8 532.6
Cusoy 7.3,4.6 957.3 8.4,4.56 937.2 534.0 S 171.2
Cus0y, .H,0 8.4,3.8 956.3 8.6,5.0 936.7 533.8 S 170.8
Cuso,.3H,0 6.8 957.7 7.2 937.9 §§§$$ 533.5 S 170.3
CuS0Oy .5H,0 7.0 957.9 8.0 937.8 533.9 S 170.4
CuSOy, .dip2H,0 8.0 955.7 3.2 935.5 286.0 400.6 532.1 S 169.1
CuS0y . 3dip. 7H,0 9.2 955.0 9.8 935.2 285.9 400.4 532.2 S 169.9
Cu303.en.H,0 8.0 956.6 8.4 936.6 286.0 401.3 533.3 S 170.3
Cus?, .2en.H,0 8.0 956.3 8.4 936.1 286.8 401.0 532.4 S 169.4
CuCl, 8.6 956.2 8.5 936.4 Cl. 201.2
CuCl,.2H,0 8.0 956.6 8.4 936.6 533.7 Cl 200.8
CuCl,.dip 8.5 ©55.2 8.3 935.4 286.3 401.0 Cl 199.7
CuCl,.2dip.3H,0 9.0 955.0 8.5 935.4 286.0 400.7 533.6 Cl 199.4
CuCl,.en.H,0 8.1 956.4 8.4 936.5 286.8 401.8 533.5 Cl 200.7
CuCl,.2en.H,0 8.1 955.9 9.0 935.7 286.4 400.7 533.3 Cl 199.1
9.5 955.6 9.7 935.8 Br 71.5

CUBIZ

The energies of the satellites are given in reference to the main peaks which in the case of C, N,

0 and F;, refer to the 1s orbital, K = 2p3s,S = 2p, Cl2p, Br = 3d34 54 I = 3dsppand P =

+ acac

-

acetylacetonate

2p.
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Cu L II(Zpl/z) Cu L III(Zpg/Z) c N 0] X
Main Main
Satellite peak Satellite peak

CuBr,.dip 8.8 954.9 8.9 935.1 286.5 401.3 Br 70.1
CuBr,.2dip.2H,0 8.3 955.2 8.7 935.3 286.2 400.9 533.3 Br 69.2
CuBr,.en.H,0 8.6 956.2 9.0 936.3 287.0 401.9 Br 71.0
CuBr,.2en.H,0 8.5 955.7 8.7 936.0 286.7 401.0 533.3 Br 69.7
CuBr,.2en.5H,0 8.4 955.9 8.4 936.0 286.7 401.5 533.4 Br 70.0
Cu(Cl0y)2.2H20 8.2 957.3 8.4 937.1 534.6 Cl 210.2
Cu(Cl0y;)2.4H0 7.0 958.2 7.5 938.3 534.2 Cl 209.8
Cu(ClOy)2.6H20 7.0 958.5 7.3 938.5 534.6 Cl 210.1
CuCN 955.0 935.2 286.8 401.0

Cut 955.0 935.2 I 622.2
Cus0 954.7 934.7 533.6 '
CuSCN 954.4 934.6 287.0 401.0 S 165.9
Cuz8S 954.3 934.6 . S 164.5
CusP 954.1 934.3 P 136.2
CuBr 954.0 934.2 Br 79.6
CuCl 954.5 934.6 Cl 201.3
CuCl.@3P 953.8 934.1 285.6 P- 132.2 Cl 199.1
CuCl. (@3P) 3 953.7 934.1 285.6 P 132.0 Cl 199.4
CuCl. (#,PH) 3 953.9 934.0 285.6 P 133.8 Cl 199.7
CuCl. (@3P) (O~-phen) * 953.0 933.0 285.6 400.2 P 132.0 Cl 198.4

The energies of the satellites are given in reference to the main peaks which in the case of C, N,
O and F, refer to the ls orbital, K = 2p3/,, § = 2p, Cl2p, Br = 3d3/s,5/2 T = 3ds/, and P = 2p.

* o-phen = o-phenanthroline
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1.2 eV. The cuprous compounds appeared to have chemical
shifts so small as to be nearly insignificant since error
limits of = 0.1 eV must be attached to these measurements.
These results are essentially in agreement with Frost et al.
According to Larson, Cu 2p spectrum readily identifies

Cu(II), species, but fails to distinguish between Cu(O)

and Cu(I).
Species 2pl/2and 2;5/2 LEMQ’SMH'S_and_L3M“fsM”75
Cu 0 0
CuO 1.2 1.0
CUZO 0.1 2.3
Cuss 0.1 1.8

The Auger chemical shifts are listed in Table 4.6
along with photoelectron shifts. Cu O has a
shift of 1.0 eV, but the cuprous compounds appeared to
have even larger shifts averaging 2.0 eV. On the basis
of this limited data, Larson concluded that the Auger -
photoelectron energy difference is about the same for
Cu(0) and Cu(II), but about 2 eV for Cu(I). This could be
the basis for a useful diagnostic technique.

A. Rosencwaig and G.K. Wertheim (33) indépendently
reported that the Novakov (30) spectrum for Cu,0 is not
that for Cu,O but rather a combination of both Cu,0 and CuO
spectra, suggesting that Novakov's material was partially
oxidized to CuO. In an attempt to demonstrate the differences
between CuO and Cu,0, a fresh CuO sample was prepared by
heating a Cu sample to 250°C in an atmosphere of oxygen

for 5 minutes. An adherent black layer was produced.
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The Cu(2p) region exhibited strong satellites associated
with both the 2p and 2p lines. There appeared clearly
two satellites agésciatedléith the 2p3/21ine, one 8 eV

. and the other 10 eV from the primary line. On the Zpi/2
line the 10 eV satellite appeared to be very weak. The
valence spectrum of CuO cansisted of a broad 3d line

under which lay an unrescolved 0(2p) level centred

at about 5 eV. There appeared also a satellite 8 eV

from the 3d line. When the CuO was heated to 250°C in the
10—7 Torr vacuum of the spectrometer for only a short time,
the Cu spectra changed dramatically. In the Cu(2p) region the
satellites completely disappeared, while the primary lines
themselves have become much sharper and were shifted by
about 1.2 eV to lower binding energy. The valence region
was also considerably changed, the 3d line now being ]
sharper with a shoulder near the top of the valence gﬁﬂé:
while the satellite at 8 eV disappeared. These changes
were identical to those of directly prepared Cu,0. The

1.2 eV shift to lower binding energy of the core levels
exhibited the sign and magnitude expected for reduction

2+

of Cu to cu'. The narrowing of the lines in cu’ relative

to those in Cu2+ was due to absence of multiplet

) _ (?i(\‘ﬂ\ﬁ V\-(.)ﬁt/ 10 +
broadening in d&ag;aé&t&e—3d Cu .

The observation of the shake-up satellites and
chemical shift about 1.5 eV to higher binding energy
(compared to metallic copper), is now considered to be
indicative of the presence of Cu(II) species. Satellites
are absent from the spectra of Cu(I) éompounds.

From the above discussion, it is now clear that

the Cu 2p spectrum can distinguish between Cu(I) and Cu(II),
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and Cu LMM Auger spectrum between Cu(I) and Cu(0).

Combination of the two techniques enables one to
distinguish between Cu(0), Cu(I5 and Cu(II). The X-AES
Cu LMM spectrum was found to be very useful in the present
corrosion inhibition studies which will be discussed

later in Chapter 6.

4.9.2 Structure_determination_of_organic compounds_using

———— - s s o Soe et b s ek s

Electron spectroscopy has been used with
considerable success for structure determination of
various organic compounds. In extensive chemical binding
and molecular structure studies by K. Siegbahn et al (14),
thirty-nine organic nitrogen compounds were studied and
the N(ls) level was measured from the electron spectra.
Twenty-seven of the compounds studied in this investigation
are listed in Table (4.7). It gives the measured N(1ls)
binding energies, Es the calculated charge for the
nitrogen, and the number of measurements made on each
compound, n. From Table (4.7) it can be scen that the
binding energies of nitrogen in various nitro compounds
fall within a small range. In compounds Nos. 9, 22 and
23 Table (4.7), the binding energies of the nitrogen
in the sulfonamido groups are significantly higher than
that of ordinary aliphatic amino group. This is consistent
with the known high electron attracting power of the
sulfonyl group.

The calculated charge is related to partial
ionic character for bonds from the electronegativity
values given by Pauling. It is clear that introduction
of one or more electronegative atoms in a nitrogen

compound, results in an increase in binding energy of
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lculated E
Nr COMPOUND Cacﬁzrzee : b
_ o cha N 1s
1 | N=N=N |Na 2 -0.72 399.2
2 |nzc |k 2 -0.45 399.2
3 HN-cH_cH_CH. cH 5 0.42 398.1
H- U2V igvigvig e :
H\'— gl + -
4 n N-CH,C00 N& 1 -0.42 397.3
5 H-N_ ) 3 -0.30 397.8
/Cqu—-n
- _ -0.1 .
6 n-H,C, N\Cqu_n 6 8 398.1
N
7 lN\V/E<: N 2 ~ -0.18 398.6
5/

8 IN\ /> 3 -0.18 398.0

N, =\
- s _ - .
9 ij HNO, S )-NO, 3 0.18 398.0
10 INSC-{ 4 -0.18 398.4
— =
11 L )-N=N-") 2 -0.06 399.3
— +
R-N=N-R -0.02
0
=™\ Vo
12 R=-{2-80,-{)-CH, 2 399.3
13 R=-42-CH=CH-) 5 399.4
!
NO,,
H\G -
14 | oN_ D lel 2 +0.10 400.4

15 |0=E-61Naf 1 +0.13 404.3
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1 E
Nr COMPOUND Caciziazed b
g N 1s
16 0=N-0-(CH,) ,CH, 2 +0.18 403.7
H{,  -CyHg !
17 +0. 400.4
leCi \CZH5i01 3 25 )
H
18 H-N-CHR COO 10 +0,27 400. 3
H

H
19 H>N<<:>F803 3 +0.27 401.0
H

H3C\ /CH3
20 3 +0,40 401.5
H3Cs /CH3
21 1,00 2 +0.55 402.2
22 0-N{ 2 +0.55 4022
SO, NH,

1 |N=N=N |Na 2 +0.64 403.,7

R_I\II::K_R +0.81

0

12 R=12 2 403.6
13 R=13 5 403.4

0\

osN-R +0.87
23 R=<3LSOZNH2 2 404.9
24 R=)s-  NO, 2 405.1
25 R=-¢ ) 10 405,1
26 R=+)-OH 3 405.3
13 R=13 5 405.3
9 R=~()-50,NH 3 405.5

N
—~0 '

27 lo=N] | Na 2 +1.02 407, 2

Table 4.7: Calculated charges and measured binding energies
(Eb) for a series of nitrogen containing compounds.
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nitrogen.

Since the character of the bonds between sulphur
and other elements, especially éarbon, nitrogen, oxygen,
and halogens is an important subject in organic chemistry,
electron spectroscopic measurements on a large number of
organic sulphur compounds has been carried out. Table (4.8)
gives the measured binding energies and calculated charge
for a series of sulphur compounds by K. Siegbahn et al (14).
Some interesting information can be obtained using the
qualitative aspects of the electron spectra. For
instance, the thiolsulfonate structure of cystine S-dioxide
has been studied (14). The two possible structures of the
disulfide dioxides, i.e. the disulfoxide (I), and the

thiosulfonate (II) structures, have both received support.

0] 0] 0]
A 4 4
R - § - & - R R - § - § - R

(1) v

0]

Disulfoxide
(1I1)
Thiosulfonate

The cystine molecule contains two equivalent sulphur

atoms:

NTZ NTZ

HOOC - CH =~ CH2 - 8 - 5 - CH2 - CH - COOlI

Figure (4.11(b)) shows the photoelectron spectrum of this
compound in S(2p) region. The sulphur 2p shell is a

single line which has a full width at half-maximum

intensity of 2.5 eV. This is consistent with the equivalence
of the two sulphur atoms in the cystine molecule. In

the disulfide dioxide in which two oxygens are attached
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to sulphur, two different structures may be formulated.
If one oxygen is attached to each of the two éulphur
atoms (I), the resulting symmetry with equivalent sulphur
atoms would give rise to single lines in the electron
spectra of the suiphur atoms. If botﬁ oxygens are attached
to one of the sulphur atoms, i.e. if the disulfide dioxide
has the thiosulfonate structure (II), the two sulphur atoms
having non-equivalent structural positions, would give
rise to two different lines in electron spectra of the
sulphur atoms. This is actually the case. Figure (4,11 (a))
shows the electron spectrum of the 2p subshell of sulphur
in cystine S-dioxide, recorded with.AlKa (14). Instead
of one single line as in the symmetrical cystine, two lines
ére now obtained from the 2p subshell in sulphur. One of
the lines has approximately the same energy as the cystine
S line and the other line has an energy 4.0 eV lower. Each
line has a half width of about 2.5 eV. The separation
is of the same order of magnitude as the shifts observed
for sulphur atoms with comparable differences in the
oxidation states. The electron spectrum of cystine S-dioxide
obtained by ESCA theresfore gives conclusive evidence for

the thiosulfonate structure:
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Similar results were obtained for atmospheric

v qu-ptobenyofiia jole
oxidation of Cu(I)—2Jgéﬁg;geb9ﬁ%0thiL%Qlﬂ and Cu(I)-2-

mereaptobenzimidazole complexes which will be discussed

in Chapter 7.
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COMPOUND qa S2p Ols
1 Na,S -0.60 160.8 530.7
2 1 H-S-CH,CH(NH,)CO0O0 0.04 161.8 530.6
2 H-S-CH,CH(NH_C1)COON ' 162.2 530.9
3 1 H,C-S- (CH,) ,CH (NH,)COO 162.1 530.6
2 H30;[5\|—cm~mcocn2 161.,9 530.9
H3Cb—N-C=0
3 P CH,-5-CH Y 1624
4 @-s-cnzcuzcnzsoaNa 0 162,8 531.3
5 -s- .
Q S-CH,CH,CH,50_Na 162.5 531.8
NH,
Cl c1
6 c1@-s-C}12coou 161.5 532,0
c1 c1
4 1  OOC(NH,)CHCH,-S-S-CH,CH(NH,)COO 162.7 530,3
2 S\ y~COOH 162.7 531.8
S —/ “ ~NHCOCH,
3 H -S-S-
¢ g~ S5-8 CHZQ 162.8
5 d
Sq 0 162.2
6 1 o w-s-8__o 162.5 531.8
CO ~CO\
2 @(co,N-s_N\CO,O +0.13 164.3 531.,7
0
7 1 @cnz-s-cnz@ 164.9 530.5
— +0.44
2 0=8{_c=0 164.9 531.4
3 = //\ =0
o=s>c 165.0 530.9
8 1 ¢)-s0_ Na +0.56 165,4 530.9
2 C1{)-S0- Na 165.5 531,2
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No COMPOUND a S2p 01s
9 Na2|803| +0.68 165.8 531,3
-0 0 =
10 0=5 \s = 0 +0.88 167.0 531,5
N /
0/ \-0
H ﬁazc’}zgz@g'o +0.88 167.2 531.6
304~ 50,
12 1 c1{_)-CH,-50,C1 167.3 531.5
$0,c1
2 2 +0,95
H N@ s0,C1 167.3 531.4
2 2
c1
13 1 c1{ >-CcH, -50 N ) 167.2 531,7
27592
+0.95
2 H, N )-S50, N1, 167.3 531.9
14 1 {Ps(CH,) ,-50 Na 167.1 531.3
2 QS(CHZ)B—SOBNa +1,00 167.5 531.8
NH,
3 H,N{ )-S50 Na 167.0 531.6
15 1 Na,|so,| 167.7 531.6
2 Fe |so,]| +1.22 168.0 531.8
3 (Fe), (S0,), 168.3 531.1
17 Dextran-0S0,0Na +1.22 168.7 531.4
18 CO\S/O +1.32 168.6 532.5
o~ o
H,G
19 \ 8-0CH,CH,CH,-S0, +1.07 167.6 531.3
H,C

——

Table 4.8: Calculated charges (q) and measured binding energies
for a series of sulfur compounds.
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4.9.3  ESCA_as_an_analytical tool

Electron spectroscopy ;s sensitive to all
elements except hydrogen and helium. Since the measured
electron binding energies of most elements are
sufficiently unique, a broad range scan of the electron
enerqgy spectrum provides a good means of qualitative
analysis. Although accidental overlap of some peaks
does occur, in general the electron signals from adjacent
elements are quite well separated.

The integrated intensities of the electron
signals are directly proportional to the number of
similar atoms in the sample, representing a convenient
quantitative tool. After correction for various effects,
e.g. variation in photoelectric cross-section, and the
shake-up effects, the relative peak intensities show
good agreement with the stoichiometric formula. However,
peaks with widely differing kinetic energies will have
different effective sampling depths which will result in
an unreliable analysis. On the other hand, this effect
may be used to examine surface vs bulk composition.

According to Wagner (34), the variability in
response amongst compounds make it doubtful that the
technique is capable of better than semi-quantitative
application on a routine basis. Nevertheless, he reports
its ability to analyse certain surfaces which it is not
possible to analyse by other methods, makes it of
considerable potential wvalue.

According to Jdrgensen and Berthau (35), although

the electrons arrive from a volume containing only a few

micrograms of the sample, only high concentration, above
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1% of most elements, can readily be detected. Furthermore,
the signal intensities of a given sample decrease slowly,
by one third or more, during measurements extending
over a few hours. However, it can be of analytical
interest to obtain even semi—quantitative information
about the relative concentrations of elements in the
outermost 20 i of a solid sample.

Table (4.9) shows data obtained for relative
intensities of atoms which comprise the various compounds
used in this study, by Wagner (34) and Jgrgensen (35).

Values in parentheses are according to Wagner.

Element 1s 2s 2p 3s 3p 3d
c 0.27(0.27) - - - . - -
N 0.4 (0.42) - - - - -
0 0.6 (0.52) |0.02 |+ o0.01 - - -
F 1.00 0.04 0.02 - - -
S - - 0.35(0.46) - - -
Cl - 0.25 | 0.42(0.55) { 0.04 |0.05
Cu (1) - - 3 - 0.4 0.15
Cu (IT) - - 1.5 0.15 | 0.3 0.12

In the present study the strongest signal of each
element was chosen for calculation st@ichiometry e.g. Cu 2p
and C1 2p.

4.9.4  Limitations_and problems

Although ESCA can be extremely valuable in different

areas of research, there are certain problems associated

with this technique which severely limits the use of

ESCA. For instance, molecules to be analysed must be strong
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enough to resist X-ray bombardment and must be resistive
towards the vacuum necessary for analysis i.e. of low
vapour pressure. There are several reports dealing with
photo-reduction effect dquring the analysis of samples
(14, 36). '

Another major disadvantage of ESCA in studying
films formed on copper by organic inhibitors is the
sample transfer problem. Corrosion inhibitors are used.
mainly in preventing corrosion at the metal-solution
interface whereas ESCA is an ultra-high vacuum technique.
Thus, it is not possible to study adsorption of corrosion
inhibitors at the metal-solution interface "in situ” and
there necessarily exist a transfer problem in any

experimental programme.

Despite these problems, the acquisition of valuable

information with the ESCA technique is not precluded.

)
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CHAPTER FIVE

Copper is the only engineering metal that is a
noble metal. Because it is noble, the hydrogen evolution
process is not part of the corrosion reaction. For this
reason, copper is not corroded by acids unless oxvgen or
other oxidizing agents (e.g. HNO3) are present. For example,
reaction between copper and sulphuric acid is not thermo-
dynamically possible; but corrosion proceeds in the presence
of oxygen, and the products are copper sulphate and water.
Reduction of oxygen to form hydroxide ions is the predominant
cathodic reaction for corrosion of copper and its alloys.

Generally, the lower (cuprous) series of copnper
compounds are less soluble than the higher (cupric)
series. Cuprous chloride, for instance, is sparingly
soluble, and it might be expected that copper immersed in,
say, potassium chloride solution would escape corrosion,
since any weak spots in the air-formed oxide would be
healed with cuprous chloride. In a study of copper
corrosion (37), a copper specimen placed in potassium
chloride solution showed rapid change, although for some
days this takes the harmless form of surface coloration,
the liquid remaining free from precipitate. The changes
start at isolated spots, which are most plentiful near the
cut edges, but instead of producing loose matter, as
on iron or zinc, they lead to oval areas of bright
interference tints on the finely ground specimen, or
rather dirty brownish patches on coarsely ground specimens.

It is believed (37) that solid cuprous chloride,
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formed by the anodic reaction, being only very slightly

soluble, is converted "in situ" into cuprous oxide

by the cathodically formed alkali; the oxide film

thus formed is responsible for coloration. During this

early period, the liquid remained clear; the corrosion -
products were entirely adherent. However after about 3 days;
green basic cupric chloride appeared, relatively loose,
probably formed by the action of oxygen on the small

amount of cuprous chloride in solution, and the liquid
became cloudy.

The pitting of copper is a relatively exceptional
phenomenon; it has been investigated by R. May (38)..He
pointed out that the copper surface covered with a uniform
scale of oxide may become faulty locally, either through
the existence of crevices in the metal, the settlement of
small particles on the surface during film-formation,
mechanical scratching or some similar cause. Sometimes
the fault may heal itself by the anodic formation of
solid cuprous chloride, but sometimes the cuprous chloride,
which is slightly soluble, will diffuse out into the
liquid as soon as it is formed, and be converted either
to the basic cupric chloride by oxidation, or perhaps
to cuprous oxide by the action of cathodically formed
alkali. If this occurs, the repair of the film by
plugging with cuprous chloride will not occur, and
the cuprous chloride will prevent fresh oxygen from
reaching the metal, so that revair by oxide-formation
will now be impossible; thus attack, once started, will
continue.

Water containing carbonic or other acids may corrode
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copper and copper base alloys sufficiently to cause
blue staining, and if such water comes into contact with

iron, galvanized steel, or aluminium surfaces, it causes

an increase in their corrosion rate. Accelerated corrosion

in this instance is caused by a replacement reaction in
which copper metal is deposited on the base metal,
forming numerous small galvanic cells. Treatment of acid

waters with lime or sodium silicate reduces the corrosion

rate sufficiently to overcome both staining and accelerated

corrosion of other metals, except aluminium. Aluminium_
is an exception because of its sensitivity to extremely
small amounts of Cu++ in solution, the usual water
treatment being inadequate to reduce cut?t pick up to
non-damaging levels. The presence of adequate cutt
ions in presence of Ci, represents a highly corrosive
environment for copper itself, as will be discussed later
in detail.

It is possible to avoid the damaging effects of

+ . . . s
Cu + contamination of water by using copper piping coated

on the inside surface with tin (so-called tinned copper).

5.2 Corrosion Inhibition of Copper

The inhibition of corrosion of metals in contact
with aqueous solution at a pH not far from neutrality
has in many cases been achieved by the use of inorganic

substances such as chromates, phosphates etc. The sodium

salts of organic acids, such as the benzoate, salicylate,

phthalate, and tartrate, have been suggested as alternatives

to these compounds, particularly with ferrous metals. The
action of these substances appears to be due to the

adsorption of the organic anion on the metal surface or

r s e ]
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to the formation of the'complexes with the metal ions,

which in some cases can be found in corrosion product.

In recent years, investigators have shown that a system
of tarnish or corrosion control for copper, brass and
bronze can be built around the organic compound 1, 2, 3
benzotriazole (39). Besides benzotriazole, the use

of 2-mercaptobenzothiazole and benzimidazole and its
mercapto derivative has been suggested for the inhibition
of copper corrosion (40). The dissolution of copper in
acid solutions has been inhibited by sulphur containing
organic compounds, benzyl thiocyanate, and furfural. TFurfural
has been found (41) to be an excellent inhibitor for
copper in hydrochloric acid solutions. This inhibitor
affords protection to copper at all concentrations of HCI,
the efficiency being 90-~100%. The amounts of furfural
required to bring about efficient inhibition in dilute
acidic solutions is greater than that required at higher
concentrations of HCl solutions. According to Desai (41),
the resin - forming tendency of furfural appesars to be
responsible for the inhibiting power.

Desai (42) has also studied the effect of 30
organic substances on corrosion of copper in more basic
solution containing NaOH. Among the most effective
inhibitors are resorcinoel, phloroglucinol, pyrogallol,
tannin, aminophenols, furfuraldehyde, 8-hydroxy-
quinoline, and quinalizarin. In many cases the action of
the additives is explained by assuming the formation of a
surface reaction product between the inhibitor, the metal,

and the corrosive medium.
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5.3 Corrosion Inhibition of Copper_and_its_Alloys

Benzotriazole (BTA) has been found very effective
in preventing the corrosion of copper and its alloys and of
some other metals and alloys such as cadmium (43) and
some steels in aqueous media. Because of its effectiveness
many investigations have been carried out. Although
these studies are very different from each other, it is
possible to divide them into two categories, namely
practical studies and fundamental studies. Practical
studies are those studies concerned with the inhibition
efficiency of the BTA, the optimum amount of BTA in
different environments etc. Fundamental studies contain
those studies which deal with inhibition mechanisms,
film formation and its properties, etc. In this section,
practical studies will be reviewed first, and then
fundamental studies will be discussed.

5.3.1  Practical studies

There afe so many papers dealing with this
aspect of BTA corrosion inhibition that a comprehensive
review of them would be extremely lengthy. In view of this,
only a few important works are reviewed. The effect of
different concentrations of BTA on the rate of corrosion
of copper and steels have been studied (44). In tests
lasting 60 to 90 days, 0.001% benzotriazole completely
protected copper. Corrosion of grey cast iron was reduced
8 to 10 times by 1% benzotriazole. In a 0.1% buffer
solution containing BTA and its sodium salt at a pH
of 7.3 to 7.5, the corrosion rate for grey cast iron
and for steel were the same as in a solution containing

1% BTA at a pH of 5.9 to 6.2. The buffer solution



87

appeared to be most effective. Concentration of
0.5% eliminated corrosion of grey cast iron; 0.2%
solution protected steel; 0.6% protected steel in
contact with copper and 0.001% protected copper.

In other work (45) on the protective properties
of BTA with respect to the corrosion of copper and
steel in neutral and acid solution, it was concluded
that despite a certain inhibiting action, BTA could
not be considered an efficient anti-corrosive agent for
ferrous metals in neutral media. It proved effective,
however, in preventing the corrosion of copper by itself
and in contact with steel. In acid nedia, benzotriazole
prevented the corrosion of copper, but visible compounds
formed on the surface of the metal.

Cotton (39) has studied the tarnishing of copper
and copper alloys exposed to humid environments, and the
possibility of the prevention of staining by reaction with
triazole-type compounds. Cotton (39) reports that bright
copper directly treated by aqueous solution or by
exposure to the concentrated vapor of benzotriazole will
withstand staining upon exposure to 0.25 percent salt
mist for 24 hours or to 0.1 percent SOp for 5 days.
Vapour treatment is particularly suitable for components
such as electrical contacts which cannot be wetted.

In Great Britain a major industrial atmospheric
contaminant is sulphur dioxide and it has been confirmed
that the presence of between 0.05 percent and 0.5 percent
v/v sulphur dioxide can result in stress corrosion of brass.
The prevention of staining in sulphur dioxide atmospheres

afforded by benzotriazole treatment alsc controls stress
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corrosion of brass in this environment (39). In tests
upon a cold drawn brass component éxposed to moist 0.1 percent
SOZ’ cracking occurred in 3 days with the untreated component,
but the trecated components had not cracked after 43 days (39).

A comparison has also been made by Cotton (39)
between benzotriazole-type compounds such as indazole
(C7H8N2), benzimidazole (C7H8N2), indole (C8H9N),
methylbenzotriazole (C7H8N3) and BTA itself. Copper
complexes are formed with benzotriazole, indazole and
benzimidazole but not with indole and methyl benzotriazole.
For the structure of these compounds see Appendix 2,
This investigation had confirmed that from this range of
different types of compound, benzotriazole is the most
effective one.

Study of inhibition of copper corrosion in chloride
solution by heterocyclic compounds by Gm. Trabanelli
et al (46) showed that among the various heterocyclic
compounds such as benzotriazole, 2-mercapto benzimidazole,
2—mercaptokmnzthiazole,benzimidazole and sulphthiazole,
BTA is the most efficient. 2-mercapto benzthiazole in the
second place and 2-mercapto benzimidazole is the third in
the list (see Appendix A for structural formula).
R. Walker (47) studied triazole, bhenzotriazole and
naphthotriazole as corrosion inhibitors for copper.
It appeared that triazole was a poor inhibitor, while
benzotriazole and naphthotriazole were superior.
Naphthotriazole gave the best result. When used as a
pre-treatment for Cu surfaces, the inhibitors increased
the time before atmosphere staining occurred.

V.P. Dobrovol'skaya and co-workers (48) studied the
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effect of benzotriazole, 2~mercapto benzothiazole,

acetanilide, cupron and some other inhibitors on corrosion
of Cu in 3% NH,OH and in a mixture of 0.5 N NaOH + N/j (NH,)SO,.
The effect of protective action of benzotriazole was
96% efficient, mercapto benzothiazole 99% and the rest
of the inhibitors were between 95 and 921%. The corrosion
rate of Cu in contact with Fe in the 3% NH4OH sclution was
a few times higher than for Cu alone. The presence of BTA
or MBT reduced the corrosion of Cu in contact with steel
by 97 and 98% respectively.

K.H. Wall and I. Davis (49) demonstrated that
BTA is a satisfactory corrosion inhibitor for copper
in closed-circuit, water-cooled stators. Laboratory
and plant tests indicated that conductivity increases
and copper pick-up is significantly reduced at
concentration levels greater than 20 ppm of BTA. In
order to confirm that BTA is an effective inhibitor
for copper in neutral solution, a 2 in. length of
¥ in. i.d. copper tubing was immersed in 100 ml of BTA
solution of concentration 100 ppm. A similar length was
also immersed in 100 ml of distilled water. After 3 months
at room temperature, the copper concentration of the BTA
solution was 27 ug/1 and that of water was 400 ug/j.
5.3.2  Fundamental studies

In one of the earliest studies, Cotton (39)
suggested that a polymeric chains or monomolecular plate-like
complexes form on the copper surface due to interaction
between copper and inhibitor, affording excellent protection.
Cotton suggests that the nitrogen-hydrogen group, and at

least one of the other nitrogen in the ring, is involved

in the complex molecular arrangement. Cotton also
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concluded that benzotriazole forms a strongly bonded

chemisorbed two-dimensional barrier film less than 50 A
thick. It is this insoluble film thch protects copper and
its alloys in aqueous media, various atmcspheres, lubricants
and hydraulic fluids.

The simplest method of achieving a strong bond
would be by the production of a co-ordination compound of
benzotriazole with cuprous ions. Thus, the copper would
be bonded using sp orbitals, with a covalent 1link formed
by replacement of the hydrogen atom, and a co-ordinate
bond formed by the lone pair of electrons on one of the
nitrogen atoms. Thus, a polymeric chain (39) of alternate
copper atoms and benzotriazole ﬁolecule would be built up

as indicated in Figure (5.1).

From an elemental analysis of a chemically
prepared cuprous complex, Cotton (39) concluded the
complex has a composition of metal/organic ratio of one
atom of copper to one molecule of BTA (C6H4N3 Cu) .

On the other hand, Cotton suggests it is not
possible to describe the cupric complex so simply. It
is evident that at  least two cupric derivations exist,
but it seems that they require the presence of a fifth

element such as chlorine or oxygen. Physical data, such as

electron spin resonance indicated that the cupric compound
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has an unusual structure. The possible structure suggested

by Cotton (39) is indicated in Figure (5.2).

J.K. Prall and L.L. Shreir (50) in a study of
benzotriazole as an additional agent for acid copper
sulphate solutions have reported pH titration of Cu(I)
vs. benzotriazole have shown that proton release does not
occur, suggesting that imido group (=N-H) of the
benzotriazole remains intact during the complex formation.
According to them (50), this has been confirmed by infra-red
spectroscopy which had also indicated that cuprous

benzotriazolate may be polymeric and the following structure

was suggested.
H

VANEVAN

Cu - N N -

In addition, they found strong evidence which supports

the view that surface film is present as Cu(I)-BTA. This

structure is incompatible with results reported by Poling (51).
Poling (1970) (51) using infra-red reflectance

spectroscopy has shown that the protective films formed on

copper by benzotriazole are composed of a highly inert
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copper benzotriazole (Cu - BTA) polymer. All of the film$

studied had a thickness equivalent to many molecular -
layers of the Cu - BTA monomer. Therefore, reaction of
benzotriazole at copper surface is not limited to formation
of a chemisorbed, two dimensional polymer layer as previously
reported by Cotton (39). The multiple reflectance spectrum
of a copper sample treated with BTA appeared to be close

to the transmission spectrum of Cu BTA in a KI pellet.
Based on the intensity of 745 cm~ 1 band, the average film
thicness over the two mirrors was determined to be 3100 A
(51). Multiple reflectance spectra of different samples
treated with BTA also revealed that no >N-H groups were
retained in the Cu-BTA surface film, therefore Cu was
bonded to the amino nitrogen in the BTA complex,

N/Cu
possibly having a "bidentate structure" of 7 X

\\N//N
. “~Cu

Poling suggested that the mechanism for growth
of CuBTA film beyond the chemisorbed monolayer stage
usually involved transport of copper ions through the
surface films. These ilons then reacted with physically
adsorbed BTA molecules to precipitate insoluble Cu BTA
complexes on the film surface. With a reservoir of BTA
maintained in the treatment solution, the availability of
Cu ions at the solid/liquid interface controlled the
growth of the Cu BTA films.

Finally Poling (51) reports that Cu-~BTA films
afforded excellent protection of Cu in near neutral
solutions. Cu~-BTA films were found also to be protective
in mildly acidic (pl = 3) solution that were free from 02.

The basic discrepancy between the results of the

above mentioned investigators is the reported film
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thickness. According to Cotton (39) reaction of BTA at

Cu surfaces is limited to formation of a chemisorbed, two
dimensional polymer layer with an approximately 50 A
5—\ MA»\C‘

thickness. On the other hand, Poling's early studied showed

that such films continued to grow beyond the chemisorbed

monolayer stage to form films up to several thousand A thick.

Certain aspects are left in doubt in both reports. The role
of chloride ion and also of Cu,0 is not clear. The guestion
of detailed structures of the Cu-BTA complexes remains
unanswered because it is not clear why some chloride was
retained in Cu-BTA precipitate (Poling), despite repeated
washing, while no chloride was reported by Cotton (39).
The mechanism suggested by Poling (51) does not explain all
observations. For instance, why in some environments, such
as distilled water, the film thickness stays low (51).

F. Mansfield et al (52) using ellipsometry have

concluded that in neutral media BTA is chemisorbed on the

copper surface and this chemisorbed layer prevents adsorption

of oxygen and oxide formation. The film thickness stays low
in neutral solutions containing BTA according to Mansfield
et al. In acidic solutions, film thicknesses appear to be
high, but for a short exposure time this is a result of a
porous salt film which can be easily wiped off. The under-
lying film is thin (60 to 140 ﬁ) but different from
Cu20 as indicated by the lower index of refraction. For
longer exposure times, this underlying film becomes thicker
and cannolt be wiped off.

Mansfield et al (52) found that on a cathodically
reduced surface in de-acrated solution containing BTA, the
optical constants were similar to those obtained in BTA

frec soluticn. This scems to indicate that BTA interacts
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with the Cu surface only when this is covered with

some oxide layer. According to these authors, this seems
to argue against a pure adsorpﬁion mechanism and more
work has to be done to understand these results. In fact,
the results on cathodically reduced surfaces proved to
be not completely reproducible (52), because in a second
experiment only some parts of the specimen remained
clean, while the rest was covered with a thicker film.
This suggests that probably immersion of a copper sample
in a solution of BTA, even for a short period of time,
may result in film formation so that reaction of BTA
with a cathodically reduced copper surface does not really
take place. Although the authors did not suggest any
mechanism involving Cuzo or its importance in f£ilm
formation, nevertheless the finding that a cathodically
reduced surface remains clean most of the time in BTA
solution is of great importance.

R.F. Roberts (36) using X-ray photoelectron
spectroscopy indicated that the rate of adsorption of
BTA onto a Cu20 surface is more rapid than that of BTA
onto a CuO surface. Thus the immersion of a Cu20 surface
in aqueous BTA at 60°C in the absence of Cl~ for 3 minutes
results in the formation of both cuprous and cupric-
benzotriazole surface compounds whereas neither of these
is formed on a CuO surface treated in the same manner.
The most important observation was that the Cu(I)-BTA
surface compound which is formed initially upon the
immersion of a CuZO surface in aqueous solution of
BTA, gradually oxidized to Cu(II)—E(F as the immersion
time is increased. The ratio of the areas of the Cu(II)-BTA

Cu (2p3/ ) peak to that of the Cu(Il)-BTA Cu (2p3/2)peak
2
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was plotted as a function of immersion time. Figure 5.3

shows this graph. From the Figure it appears that oxidation
proceeds for immersion times up to 2 hours and essentially
ceases for immersion times in the range of 2-21 hours |
(Figure (5.3)). Roberts (36) suggested that the thickness
of the film initially formed upon the adosrption of BTA
onto Cu20 surface has a range of 15-60 A. The Cu(II)-BTA
surface films, formed by oxidation of Cu(I)-BTA on Cu20

substrates in solution, grew to a maximum thickness of less

than 7i3 i for immersion times in BTA for 24 hours.

60

AREA [Cu2p s (Cu*~aTAY
AREA [Cu2py,z (Cu*+=-BTA))

J T
0 10 20 - 210
IMMERSION TIME OF Cuz0 IN AQUEOUS BENZOTRIAZOLE (HOURS)

Figure (5.3) Plot of Ratio of the Areas of the Cu 2ps,
photoline of CuZ¥-BTA to that of 2
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Finally, as a possible structure for copper-
benzotriazole surface film, Robert suggests with cut
having a co~ordination number of four, the first layer of

Cu(I)-BTA might be anchored to the copper oxide substrate

by two bonds between a single cu’ ion and two lattice oxygen

atoms, with the remaining two Cu’ co-ordination position
occupied by BTA. Succeeding layers of cut-pTA could then

involve Cu' bonded to BTA with some co-ordination positions
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occupled by Hzo molecules.

The mechanism by which benzotriazole inhibits
the corrosion of Cu in aqueous chloride environment has
been investigated by Ogle and Poling (53) using infra-red
reflectance, X-ray photoeléctron spectroscopy and electro-
chemical methods. Composition and thickness of protective
Cu-BTA films were determined by reflectance spectra.
X-ray photoelectron spectroscopy yielded additional data
regarding compocsition of films and indicated the wvalence
state of Cu in these surface films. Polarization curves
were recorded during both treatment of Cu mirrors
and corrosion of pretreated mirrors. The topographieé
of films and of underlying Cu after wvaried conditions
of pre-treatment and corrosion were examined by electron
microscope techniques. Ogle and Poling (53) have classified
the Cu-BTA surface films formed on Cu into two types. The
films which are formed in a solution with a pH greater
than a limiting pH, where 4>leim>3.5 and those which are
formed at pH less than the limiting pH. Infra-red reflection-
absorption spectra of these films were almost identical to
spectra of cuprous benzotriazolate. However, X-ray photo-
electron spectra (ESCA) of both types of films indicated
the presence of about 10% of total Cu, existed as cupric
ions. A weak 2p chlorine (Cl) peak at 197.1 eV was also
observed in spectra of the thin and thick films. They
concluded that the small proportion of Cu detected in the
divalent state by ESCA was probably present as Cu(II)-BTA
rather than CuClz, because the Cl binding energy was in
the range of CuCl. The authors then suggested (53) that
although the presence of Cu(II)-BTA in surface films on

Cu had not been previously reported by Poling (51), the
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varying magnetic susceptibilities of Cu(I)-BTA precipitates

showed the possible presence of Cu(II). Hence, if is likely
that the Cu(II) in surface films on Cu resulted from
partial oxidation of Cu(I)_in the Cu(I)-BTA films formed
initially. Although it is not clear from this report whether
they envisaged this oxidation as taking place "in situ®
or from exposure to air, it becomes apparent from Poling's
next report (54), to be reviewed later, that they are
referring to an "in situ" oxidation. Although Poling (53)
reports minor cupric present in Cu—-BTA film, he does not
see any discrepancy between his results and those of Roberts
(36). No attempt was made to explain the reason for chlorine
existence in the surface film as it was reported as a weak
peak (53).

Ogle and Poling (53) concluded that treatment of Cu
in solutions containing BTA resulted in the formation
of two distinctly different types of Cu-BTA films depending
on solution acidity and substrate. In near neutral
environments, then (<60 A) multilayer f£ilms grew on top
cf CuZO interlayers. In contrast, thick films (up to
several thousand A) resembling a network of acicular
crystallites formed on Cu substrates in acidic environments.
The suggested mechanism is basically the same as Poling's

previous report (51) in which a chemisorption process

follows by nucleation and growth of Cu-BTA film and thicknesses

to which films grow is controlled by their ability to resist
outward diffusion of Cu ions.

The difference in limiting thickness to which thin
and thick films grow is associated with the presence or
absence of a Cu2O interlayer, respectively. When present,

it augments the overall resistance to diffusion of Cu
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to the solid-solution interface. Again it is not clear
from this report why the very presence of Cu,0 interlayer
facilities film formation and film growth. Moreover,
although the authors have noticed two distinctly different
types of Cu-BTA films depeﬁding on solution acidity and
substrate, no attempt is made to clarify the structure of
these two different films. Finally, in determination of
the degree of protection, they reported that the role
played by Cu20 interlayers in the protection of Cu by
pre~treatment with BTA was complex (53). In acidic
environments, coherency between Cu metal, Cu20 interlayer,
and pretreated Cu~-BTA surface film appeared to determine
the degree of inhibition.

T. Notoya and G.W. Poling (54) using scanning
electron microscopy (SEM) technique, examined the
topographies of thick copper benzotriazole (Cu-BTA)
films. Relations to crystallographic orientations of
substrate copper crystals have also been shown. Cu-BTA
crystallites formed on relatively thin Cu20 films all
adopted the form of star-like structures of acicular
crystallites which were large in size compared with those
formed on thick oxide film. Also they appeared to be less
protective. On the other hand, the Cu-BTA crystallites
formed on Cu20 films more than 200 A thick have more
matted structures, which might act to protect both the
underlying oxide and substrate copper. In addition, the
density of the Cu~-BTA crystallite cluster or average
Cu-BTA film thickness depends on the underlying oxide
thickness: the thicker the oxide film, the finer and more
dense the Cu-BTA crystallites. However, the structures

of thick Cu-BTA films formed on top of the oxide appeared

o penr o
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to be less dependent on the crystallographic orientation of
the substrate copper crystal. No mechanism is given.
At this stage, the study of N. Morito and

W. Suetaka (55) must be mentioned. Using infra-red

(4000 - 400 cm-l) and ultra-violet-visible (50,000 - 12,500 cm

reflection spectroscopy of BTA treated copper, they concluded
that the film consists of Cu(I)-BTA formed by substitution

of a H atom in the N-H group with Cu(I) ion. From the
relative intensity of the adsorption bands of C-H stretching
vibration they concluded that the plane of the Cu(I)-BTA
molecule is parallel to the Cu surface. Far infra-red
reflectance spectra (400 - 200 cm_l) suggest the presence

of N-Cu-N deformation vibration and that the surface film
may be a polymer. The electronic reflectance spectra of

the Cu immersed for 150 seconds are in near agreement

with the spectra of Cu(I)-BTA. The spectra of very thin

films (< 10 i) are a little different from that of Cu(I)-BTA,
but are quite different from that of BTA cupric salt and

BTA. Therefore, the thin film seems to be composed of a
compound similar to Cu(I)-BTA.

Several investigators have dealt with this problem
to a lesser extent, nevertheless their studies are worth
mentioning. S. Thibault (56) using multiple reflectance
infra-red spectroscopy studied the inhibition properties
of benzotriazole, benzimidazole, indol and indazole on
the corrosion of copper. Based on the work done by Jarvis
and Wells (57) he suggests that in the presence of chlorine
ions (Cl7), the surface complex has the following structural

formula: -
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Besides benzotrijiazole, the use of 2-mercapto-
benzothiazole has been suggested (40, 46) for the inhibition
of copper and copper alloy corrosion. There are a large
number of reports dealing with practical aspects of
corrosion inhibition properties of 2-mercaptobenzothiazole
and some related compounds, and excellent protection has
been reported. Surprisingly very little work is reported
concerned with the mechansim of MBT interaction with copper
and alloy surface and the nature and structure of the
protective film.

Bregman (40) has suggested that in aqueous solution,

mercaptobenzothiazole ionizes as a weak acid as illustrated

below.

N N
N¢ - g5 = Nc -5 u’
@S/ o/ T

The ionic species form insoluble salts with metal ions,
such as copper and conceivably the protective coating
consists merely of insoluble copper salt of MBT. However,
a more plausible structure for the protective coating
would take into account the fact that the MBT possesses
not only an ionized sulphur group but also a ring sulphur

and a ring nitrogen, both capable of forming co-ordinate
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bonds with the metal or the metal ion.

If the surface of the copper becomes partially
oxidized, one mode of attachment of MBT to the surface ¥

can be visualized (40) as shown in Figure (5.4).
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precise geometry would be dependent upon the structure

TSR T A

of the oxide film and the geometxry of the MBT molecule.
It does show, however, that it would be firmly bonded i
to the surface by several bonds and a similar type of
bonding to the unoxidized metal surface may also be

visualized.

According to G. Trabanelli (46), the action of

i ma =y

MBT consists of the formation of an adherent and
protective film. The binding characteristics of MBT can be
interpreted by substituting the hydrogen atom of the
sulfydryl group by copper cations and by means of bonds
co-ordinated with the electron pairs of the other sulphur
atom or of the nitrogen atom.

S. Thibault and J. Talbot (58) compared three
closely related compounds, 2-mercaptpbenzothiazole (MBT),
2—mercaptobeé§midazole and Z2-mercaptobenzoxazole, with
respect to their use as Cu corrosion inhibitors in weak
acids. The threshold of efficiency corresponds to the
formation of a surface coating (>2 x 10“4) for MBT

; ~5 .
and mercaptobenzoxazole and >5 x 10 for mercaptobenzimidole).
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M. Bassoli et al (59) reported corrosion of Cu
tubes pretreated with a solution of 3.3% sea salt
containing varying amounts of MBT for 24 hours, was
prevented for 3-4 weeks, when placed in a circuit
in which a 3.3 gram salt solution (without MBT) was
pumped at different speeds.

S. Thibault and J. Talbot (60) studied the
compound formed on the surface of copper by MBT, 2-mercapto-
benzoxazole and 2-mercaptobenzimiazole, in 10—3 M HClL.
The complex of Cu with the organic compound seems to
form at the surface of the metal and protects it. The
benzene ring makes the molecule heavy and renders
the complexes which are formed more insoluble, but
it does not seem to play any other role in the corrosion
prevention. Only the part bearing the N atoms seems
active. Thus, the complex between Cu and the organic
compound may be formed by the intermediary of the N atom
of the pentagonal ring as in the case for BTA.

M.M. Patel et al (61) studied corrosion inhibition
of 63/37 brass in acetic acid solution by MBT. They
reported a 98% protection. N.K. Patel (62) reported
the MBT inhibits corrosion of Cu in a variety of
aqueous solutions. The inhibitive power of MBT is related
to the formation of a thin adherent film of a complex
compound on the metal surface. The infra-red spectra
of the corrosion product was similar to that of Cu (MBT) 5.

Finally, S. Jeanin et al (63) studied crystals
of Cu. MBT complexes using infra-red spectroscopy.
Spectra of complexes were similar to that of protected
Cu surfaces. Extracyclic S atoms were considered to bond

MBT to the Cu surface.
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The Cu—HZO—Cl— system under neutral, acidic and
alkaline conditions has been investigated by many workers
(64--70) . Hedges (64) carried out an extensive investigation
of the kinetics of the anodic behaviour of copper in hydro-
chloric acid solutions when polarized by the passage
of a fairly large current. Hickling and Taylor (65) studied
the behaviour of copper in alkaline solutions. They
showed that copper passivates in alkaline solutions
forming the oxides Cu,O, and Cu0O, while in acid solutions,
copper dissolves to give soluble salts and does not
develop a protective passive film. Hedges (64), however,
showed that copper could be passivated in acid solutions
by lowering the temperature. At -11°9C copper becomes
passive in concentrated nitric acid due to the formation
of a dark grey film of cupric oxide. A four-part paper
concerning the thermodynamic, kinetic, and electrochemical
aspects of the corrosion of copper has been written by
Ives and Rawson (66).

Lal and Thirsk (67) have studied the anodic
behaviour of copper in NaCl solutions, both in the presence
and in the absence of oxygen, by observing changes in the
overpotential occurring during constant - current polarization
and after the current has been interrupted. In their

experiments, in neutral sodium chloride solutions, a

5 2

range of current densities from 1 x 10 > to 1 x lO_1 A cm
were employed in 0.1, 0.5, 1.0, 2.0 and 4.0 M NaCl. It was

realized that when a certain current density was exceeded,
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dependent on the concentration of the electrolyte

and the temperature, a precipitate is formed on the
electrode. In neutral chloride sélutions the precipitate
was shown to be cuprous chloride. The plot of log (current
density) against potential, gave an almost linear relation
up to a critical value of the current density corresponding
to the formation of insoluble deposits (67). By repeating

a selection of these experiments in the absence of oxygen
it was shown that the results in neutral sodium chloride
were unaffected by the presence of air above the solutions
(67).

H.P. Lekie (68) has studied the anodic polarization
characteristics of copper in a variety of environmental
conditions. According to Lekie, in dilute acid solutions
at room temperature, copper may dissolve at a rate limited
by a diffusion-controlled current; increasing the acid
concentration results in an increased tendency for
passivation. At 25°C, anodic polarization curves for
copper in 1M H2804, only a maximum diffusion-controlled
current was observed at noble potentials with no decrease
in the current density usually associated with passivity.
At 0°C, however, there is some evidence of partial
passivation. As the sulphuric acid concentration is
increased to 1lOM, a pronounced passivation reaction is
observed even at 25°C. Lowering the temperature to -11°C
further increases the tendency for passivation.

Passivation was observed, Leckie reports (68),
at all concentrations of NaOH. Both potentiodynamic
and galvanostic curves were obtained. An active/passive
transition characterized by a critical current density

and a passivation potential, can be shown more clearly
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in potentiodynamic polarization curves. According to this
investigator, passivation of copper in high concentrations
of H2804, may well be associated'with the formation of
Cu20. The absence of passivity in more dilute acid
solutions may be attributed to the increased solubility

of the corrosion products. Similarly, the passivation

tendency of copper in dilute H SO4 at 0°C may be attributed

2
to the reduced solubility of the corrosion product
film at lower temperature. Bacarrella and Griess (69)
reported the electrochemical polarization behaviour of
copper in de—aerated 1.24 M NaCl solution at 30°C. The
anodic process consists of the oxidation of copper and
has a Tafel slope of 60 mV/decade which corresponds
to 2.3 RT/p. The cathodic process, in this case, is
primarily the reduction of water to hydrogen. Polarization
near the corrosion potential was difficult to interpret
because of contributions from unknown cathodic processes.
For this reason corrosion potentials at a given temperature
wvere not always reproducible. No passivation under these
conditions has been reported.

The rotating ring-disk technique was used by
A.H. Taylor (70) to investigate the corrosion mechanisms
of pure copper and naval brass in de-aerated 0.5 M NaCl
at ambient temperature. Pure Cu corrodes only via Cu+

over the range ~ 2.5 x 107 to - 900 x 1078 A em™?
corrosion current. He found no evidence for Cu2+ species

or for film forming reactions.

5.5.2 Electrochemical polarization_behaviour of_ copper
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Dudgdale and Cotton (71), reported a study of

polarization behaviour of pretreated copper samples in 3%
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neutral MaCl solutions. They noted quite significant

differences in the cathodic behaviour of the treated
samples together with smaller but reproducible
differences in the anodic behaviour. Benzotriazole,
therefore, falls into the general category of cathodic
inhibitcrs. Furthermore, it appeared that the inhibition
is specific to the oxygen reduction reaction and does not
operate for the hydrogen reduction reaction. In fact they
noticied that when visible hydrogen evolution takes place,
the difference bhetween the treated and untreated copper
sample is reversed. No explanation for this phenomenon
is given. Also, no passivation due to film formation on
the sample in the anodic part was noticed for untreated
samples. The anodic process, according to them, is copper
oxidation to produce the tarnish film, possibly with
copper dissolution as an intermediate step. There is no
evidence whether this oxidation process is the formation
of Cu20 or Cu0O and if there is a dissolution, whether it
is via Cu+ or Cu2+ species. However, it has been reported
in this work that the corresponding cathodic reaction is
almost certainly oxygen reduction, and is less vigorous
on a benzotriazole treated surface than on an untreated
surface.

. Mansfield et al (72) studied the effect of
BTA on the corrosion of copper in 5% NaCl by potentiostatic
polarization and some other methods. They disagree with
Dudgdale and Cotton (71) concerning the anodic behaviour
of treated copper. According to them (72), some of the
BTA adsorbed during dipping into a solution containing the
inhibitor, desorbs again in solutions free of BTA. The

remaining f£ilm of BTA prevents tarnishing but cannot prevent
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copper dissolution. In contrast with Dudgdale and Cotton (71)

who suggested a precipitation mechanism consisting of the
formation and deposition of a Cu-BTA complex on the surface,
Mansfeld et al (72) proposed a chemisorption mechanism.
According to them, the good electronic conductivity of the
film formed on copper, the decreased double layer capacity,
the small film thickness and the decreased current on
anodic polarization indicated that BTA is chemisorbed

on the surface. They also suggested that the behaviour of
copper samples at extreme cathodic potentials (1.2 V)
observed by Dudgdale and Cotton (71) is due to dissolution
of BTA adsorbed on the surface. In the cathodic cyclé,

on the other hand, BTA strongly decreases the rate of
oxygen reduction accompanied by a shift of the corrosion
potential in the negative direction.

Poling (51, 53) in his two papers showed the
difference between the polarization behaviour of the Cu
samples in solution with and without BTA. Also, pretreated
samples were compared to those fresh unprotected samples.
Polarization behaviour of copper samples in the inhibited
and uninhibited, H, purged, 3% NaCl solution at 26°C and
pH 3 showed that the Cu-BTA films acted primarily as a
cathodic inhibitor of the hydrogen evolution reaction at
this pH. When oxygen was available for reduction (i.e.
solution exposed to air), the Cu-BTA film appeared to have
a minor effect on the cathodic part. The effect on the
anodic branch was the same as de-aerated solution. In
neutral aerated 3% NaCl solution, growth of Cu-BTA films
caused pronounced inhibition of both the anodic and
cathodic reactions. Results similar to these were obtained

in H? purged neutral NaCl solutions and in the absence
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of O2 the Cu-BTA films exert even greater influence on
the electrode reactions. According to Poling (51) these
results indicate that the Cu-BTA films act as highly
impermeable physical barriers, which provide exceptional
protection to Cu in near-neutral solutions.

There are some obvious problems with this
report (51). There are no indications of any shift
in the corrosion potential due to the addition of BTA
to the solution, which is definitely the case for
inhibited aerated solution of NaCl. For a high
concentration of BTA (0.02M) this is not leses than 0.2 V
in the negative potential direction (71, 72). In faét, in a
curve drawvn for inhibited solutions, a shift in corrosion
potential twcards positive potential is shown (51).
Similarly no shift in corrosion potentials of copper in
aerated and de-aerated solutions is reported (51). This
is mainly because when oxygen is removed from the solution
the predominant cathodic process (i.e. oxygen reduction)
is prevented, resulting in movement of corrosion
potential towards negative potentials. Also, no passivation
in uninhibited NaCl solution has been reported, which
may be expected to occur in the range of potentials and
current densities Poling has used. At the end, in contrast
to Dudgdale and Cotton (71), he (51) suggests that the
Cu-BTA films inhibit the hydrogen evolution reaction
rather than O2 reduction reaction. Similar results were
reported in another paper by Poling (53) dealing with
pre~treatment of copper samples before electrochemical
polarization.

G. Trabanelli et al (46) studied the inhibition

of copper corrosion in chloride solutions by heterocyclic
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compounds. The anodic and cathodic polarization curves
were recorded for copper in 0.1M NaCl solution in the
presence and absence of inhibitors. A comparison of the

efficiency of different inhibitors is given.
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CHAPTER SIX

There are two principal reasons for studying
surface films formed by BTA on copper, through which this
inhibitor exercises its protection. These are to elucidate
the structure of the films and the mechanism by which
they are formed, in the hope that this will lead to a
fuller understanding of the corrosion inhibition process
and the development of more efficient treatment procedures.
Previous investigations of film structure and formation
mechanism have left considerable uncertainties, which have
been discussed earlier in detail. For example, the
oxidation state of copper in the surface film, which has
an importance in film structure and film stoichiometry has
been subjected to several studies. U.V. and infra-red
techniques (51, 55) marginally favoured copper in its
monovalent state, whereas in another work (36) it has been
shown that there exists a correlation between the ratio of
Cu(II)/Cu(I) in the film and immersion time to BTA solution.
As well as the oxidation state of copper in the film, its
stoichiometry and chemical structure have not been
elucidated satisfactorily under all conditions. This
applies also to the mechanism of film formation. No
satisfactory model has been proposed to cover all the
observations.

This chapter is devoted to the results obtained
from a study of such films using ESCA and I.R. reflectance
spectroscopy. Since results obtained from these techniques

are complementary, both sets of results are presented in



111
this chapter. A model based on these results concerning
the nature and the structure of the films is then
proposed. The mechanism by which BTA interacts with copper
surfaces, and as a result, inhibits the corrosion of

copper is discussed.

6.1 Structure of the Films

6.1.1  Oxidation state of copper in the films

The first step in determination of the structure
of the films is to investigate the oxidation state of
copper. Although it should be possible to determine this
using I.R. spectroscopy, it is not reliable for this
purpose. ESCA, which has been fully described in
Chapter 4, is a powerful technique for surface studies
and can distinguish different oxidation states wvia the
"chemical shift". Extensive use has been made of this
technique.

Since any polished copper sample is inevitably
covered with thin film of cuprous oxide, (73) and it is
the Cu,0 which is initially in contact with any BTA
treatment solution, it is important to investigate the
effect of BTA on thick layers of Cuzo. For this reason
two types of copper samples were used in this study.

In one set, the copper samples were polished with diamond
paste of different sizes, the last one being 1 u. In
order to remove possible contamination arising from
diamond paste, these samples were washed with acetone,
methanol and triply-distilled water and dried in air.
This washing routine was done for every sample prepared
this way in order to have a reproducible surface. On

another set of copper samples, films of CuZO were grown
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electrochemically in KOH solution (for details see

Appendix a ).

Before studying the reaction with BTA, the
substrate was fully characterized. An oxide-free copper
sample was prepared inside the spectrometer using
argon ion bombardment.AArgon ion bombardment of a polished
sample produced a relatively clean surface with no oxide
on the surface judging from disappearance of oxygen 1ls
peak from ESCA spectrum. The spectra obtained from a clean
metallic surface were used as reference spectra. The XPS
spectra of all these three types copper samples in Cu 2p
region were identical. The results are in agreement with
previously reported spectra (17, 32, 36). Figure (6.1la)
shows a typical XPS spectrum of a polished and argon
etched copper sample in the Cu 2p region. Figures (6.1b)
and (6.1lc) show typical Cu 2p spectra of polished
samples and Cuzo covered (grown electrochemically)
copper samples respectively. Apparently, there are no
remarkable differences between the three spectra. No
detectable chemical shift could be detected on the other
XPS peaks either. So the immediate conclusian is that XPS
fails to distinguish between Cu(0O) and Cu(I).

Fortunately, Cu L3,y My 5 My, 65 Auger lines in the
X-ray induced Auger spectra of metallic copper and CuZO
are quite distinguishable and there is a shift of
about égg eV between them. Figures (6.2a), (6.2b) and
(6.2c) demonstrate X-ray induced Auger spectra of argon
etched, polished and Cu20 covered copper samples.

These correspond to samples in Figures (6.la), (6.1b) and
(6.1c) respectively. Examination of the spectrum in

Figure (6.2b) shows the polished sample must be covered
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Fig. 6.1: X-ray photoelectron spectra of Cu (a) polished
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with a thin layer of cuprous oxide whose thickness is
within the escape depth of the Auger electrons of Cu,

which is not greater than say 15 A. This proved to be the
case for all polished samples studied, no matter how soon
the samples were transferred to the spéctrometer after
polishing and washing processes. This Cuzo layer grows to a
certain limit due to prolonged exposure to air at room
temperature, never exceeding from escape depth of the Cu
Auger electrons.

The Cu 2p XPS spectra of copper samples which proved
to be handicapped in differentiating between Cu(0O) and Cu(I)
proved to be most useful for identification of Cu(II) compounds.
In all Cu(II) compounds examined by XPS, a chemical shift of
about 2.7 eV towards the higher binding energies, and
relatively strong satellites have been observed. These
satellites appear at 6-10 eV higher binding energy of the
main peak (31). Although some conflicting data have
been reported in early publications (30) concerning the
presence or absence of satellites in the Cu 2p spectra of
cuprous compounds, it is now accepted that the observation
of these satellites can be taken to be indicative of the
Cu(II)species (see Chapter 5). Also a broader and less
intense signal, is characteristic of the Cu(II) compounds.

The X-AES spectra of Cu(II) compounds, on the other
hand, showed no remarkable difference with those of Cu(I)
compounds. A small shift towards higher kinetic energies
(about 0.9 eV) is associated with Cu(II) compounds. It
is concluded at this stage, that XPS spectra at 2p region
together with X-AES spectra at Cu L MM can identify
uniquely Cu(0), Cu(I) and Cu(II).

The reaction of BTA with the copper was carried
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out simply by immersion of the specimens in aqueous
solution containing BTA. The samples were treated with BTA
in a variety of conditions with respect to the concentration
of BTA, NaCl concentration, pH and temperature. However a
standard treatment was developed which consisted of the
immersion of samples for a certain period of time in an aqueous
solution of 0.02 M. BTA, and 0.5 M NaCl, at pH =3 and at 25°C
with N2 purging, followed by washing with triply-distilled
water and drying in air. The photoelectron spectra of
copper samples after being treated with the standard
solution showed no major differences in the Cu 2p region
from Cu or Cuzo, despite prolonged exposure to the solution.
Figure (6.3a) shows an XPS spectrum of a polished sample
treated with the standard solution for 10 minutes and
Figure (6.3b) shows the spectrum of a similar sample treated
with standard solution for 16 hours. Identical results were
obtained for many exposure times. The minor presence of
cupric compounds in Figure (6.3a) which is evidenced from
the appearance of a small shoulder at higher binding energy
side of the Cu 2p peak, and also the possible presence
of shake-up satellites is due to atmospheric oxidation of
the surface film which will be discussed in detail later.
That the surface film contained BTA, is not clear from Cu 2p
photoelectron spectra alone, but in each case the strong
N ls peak and the enhanced intensity of the C ls peak over
untreated surfaces was taken as evidence of a surface
Cu-BTA complex. This is shown in Figure (6.3c) which
demonstrates the XPS spectrum of a copéér treated with
standard solution in C 1s, N 1ls, O ls and Cu Auger region.
Although the existence of a N 1ls peak and an increased

intensity in the C 1ls peak is an indication of the existence
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BTA on the surface, it does not distinguish between
a copper-BTA complex and physically adsorbed BTA molecules.

It is already established that X-ray induced
Auger spectra can distinguish easily between Cu(O) and
Cu(I), however, it was further found that the Cu Auger
spectra provide a reliable'way to identify the formation
of a Cu-BTA surface complex. Figure (6.4a) shows an
X-AES spectrum of a copper sample polished and etched,
in Cu IMM Auger region and Figure (6.4b) shows the
spectrum of a copper sample covered with Cu20 (electro-
chemically grown). Figure (6.4c) shows the result of
treatment of such a sample with a standard solution §f
BTA for 5 hours. Obviously there is a shift in kinetic
energy of the peak due to Cu-BTA complex from 917.; ev
k.e. for Cu,0 to 915.6 eV k.e. for the complex which enables
one to distinguish easily between metallic copper, Cu20
and the copper involved in a BTA complex. The results
obtained with polished samples were similar to those with
electrochemically grown Cu20 surfaces, except in the
resultant film thickness. Since the Cu Auger peaks of
these samples before BTA treatment showed that the
surface is covered with a thin layer of Cu,0, it is not
surprising that these samples behaved in a similar manner
with respect to BTA adsorption as those with electro-

chemically grown Cu,0 surfaces.

2
Following these results, a variety of conditions

for the BTA treatment were investigated. In each case

a series of sample immersion times were examined and

both polished copper samples and samples with electro-

chemically grown Cuzo surfaces were used. The various

conditions were:
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a) 0.02M BTA, 0.5M NaCl at pH varying from neutral

to 1.
b) Various BTA concentrations (2 x 10°°M - 2 x 10—2M).
c) Various temperatures (15°C - 80°C).
d) Various NaCl concenfration (from none to 2M).
e) Variation in the degree of agitation of the solution.
f) Adsorption from organic solutions of BTA,

e.g. dry CH3C1 which is one of the few organic

solvents in which BTA is appreciably soluble.
In all cases the Cu 2p spectra of the surface film produced
were similar to Figure (6.3a) or (6.3b), indicating that there
is no substantial increase in Cu(II) peaks intensities
due to different conditions and exposure times. In all
cases copper was found to be in its monovalent state
from XPS and X-AES spectra.

The above results differ from the results obtained
by Roberts (36), in which he found a correlation between
the ratio of Cu(II)/Cu(I) and exposure time to the solution.
For this reason similar conditions:- pH = 5.25 amd 25-60°C
in the absence of NaCl with N2 purging were reproduced,
and Cuzo samples for a wide range of BTA concentrations were
studied. The resulting spectra were similar to Figure (6.3a)
or (6.3b) regardless of immersion time, in complete
agreement with the results obtained for BTA solutions
containing NaCl. Although in general N2 purging was carried
out throughout, it was found that even if air was blown
through the BTA solutions during treatment, no increase in the
amount of Cu(II) resulted. The possible conversion of Cu(II)
to Cu(I) by photoreduction was shown not to occur in the
spectrometer (see below) and therefore the observations

genuinely reflect the oxidation state in the surface film.
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However, in all cases the BTA treated copper
specimens proved to be very sensitive to exposure to éir,
during which oxidation of Cu(I) to Cu(II) was observed to
take place. This is demonstrated in Figure (6.5b-d), for
the sample which had originally been given 20 hours immersion
in a BTA solution and whose spectrum is shown in Figure
(6.5a). The spectra were obtained after 2, 3 and 18 hours
exposure to air and indicate the progressive oxidation
of Cu(I) in the surface film to Cu(II). This is evident
from the increasing intensity of the high binding energy
shoulders and the shake-up satellites. This sequence of
spectra was typical of all the BTA treated copﬁer samples
studied. A check was also made to see if running the
spectra at intermediate times during the oxidation process
accelerated the process through radiation damage, but no
effect was observed. Photo-reduction effects, which have
been reported for some Cu(II) compounds during which Cu(II)
converts to Cu(I), were absent from the present study,
perhaps because the Al X-ray anode was operated at the
lowest possible power level. Since the spectra were obtained
by digital accumulation, it was possible to verify that no
photo-reduction took place during acquisition of the spectra.
In fact, no evidence for photo-reduction of Cu(II) to Cul(I)
was obtained from any spectrum under the prevailing
conditions in the spectrometer and the short time taken to
collect data.

A reasonable explanation for the small amount of
Cu(II) present in the surface film (Figure (6.5a)) is that
this arises from oxidation of the film during the finite
time (5-15 minutes) néeded to dry the sample in air before

insertion into the spectrometer. Subsequent drying time in
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view of this fact was kept to a minimum. Finally it must
be stated that the oxidation of some Cu(I) compounds to
Cu(II) due to air exposure has been noticed previously
and has been reported by several workers (36, 74).

Considering the above results, it is now quite
clear that the films formed.on copper surfaces by
.BTA, from both aqueous and non-aqueous solutions, consist
of a Cu(I)-BTA complex. When the sample is removed from
the solution, this complex reacts with air and a Cu(II)
overlayer is produced. Obviously the structure of an overlayer
produced by such an oxidation process would not be the same
Cu(II)-BTA complex as may be formed in solution and referred
to by previous workers (36, 53).

From the point of view of corrosion inhibition,
it is very important to determine the properties of this
Cu(II) overlayer since O2 is clearly degrading the surface
film. For this purpose samples with relatively thick
Cu(I)-BTA complex films were exposed to aif for a long
period of time (say a few days) and then tests were made
to determine the properties of the Cu(II) layer. These
films could be easily wiped off with a tissue and examination
of the underlayer films showed that they are Cu(I)-BTA
complexes. This in its turn, on exposure to air, can undergo
oxidation to, form a new Cu(II) overlayer. Figure (6.6Aa) and
(6.6Ca) shows the XPS and Auger spectra of a sample
treated with BTA after a significant amount of surface
oxidation has taken place. If the sample is wiped gently with
a dry tissue, the outer layers are removed and the spectra
in Figure (6.6Ab) and (6.6Cb) are obtained. The ESCA spectrum
of the sample in the Cu 2p region indicates that the Cu(II)

had been almost removed. The existence of an inner layer
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of Cu(I)-BTA complex is proved by Cu Auger peak, Figure

(6.6Cb) and also by the C ls and N 1ls peaks (Figure (6:6B)).

It was also found that if éurface oxidised samples
were immersed for a short time in water, the amount of Cu(II)
was substantially reduced rélative to Cu(I). Results obtained
from samples exposed to air and then washed, and repeating
this, for several cycles, indicate that there remains a
very thin £ilm at the end. This shows that the Cu(II) over-—
layer resulting from air ox&dation dissolves in water, and
as a result the complex film thickness decreases. Figure_
(6.7a) shows an XPS spectrum of a sample covered with Cu-BTA
film after being exposed to air for a long time, and
Figure (6.7b) the same sample after being washed. Exposure
of this sample to air results in oxidation of underlayer
film shown by Figure (6.7c).

These results indicate that a degradation of the
surface film takes place on exposure of the sample to
atmosphere. This degradation might be significant from
corrosion inhibition point of view and could be an indication
that a copper pretreated with BTA on exposure to air will

lose its protection after some time.

6.1.2 ESCA_investigation_of_ Cu-BTA complexes

Since it was established in the last section that a
complex of Cu(I)-BTA forms on the surface of BTA treated
copper samples, and precipitated complexes of copper and BTA
are known, a study of these precipitates in order to compare
them with the surface complexes seemed necessary. In view of
this, both Cu(I) and Cu(iI) complexes prepared from the
solution were examined by ESCA. For details of the
preparation procedure see Appendix A . XPS results showed

that the Cu(II)-BTA complex exhibited a spectrum (Figure (6.8f))
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typical of cupric compounds (see Chapter 5). Binding
energies are given in Appendix B . Cu(I)-BTA coﬁplexes
prepared from solution exhibited a variation in stoichiometry
due to the method of preparation which will be discussed in
detail later in this chapter. However; the spectra in the

Cu 2p region proved to be identical irrespective of preparation
method. Measurement of binding energies of Cu(I)-BTA

complex showed no differences from those of the surface
films. Figure (6.8a) shows the spectruﬁ of the Cu(I)-BTA
complex prepared from‘the solution in Cu 2p region. There is
a high Cu(II) content in this spectrum evidenced by higher
binding energy shoulder of the main peak and existence of
shake-up satellite. This is almost certainly caused by
oxidation during the long drying time required for the
precipitates. As for the surface films reported earlier
exposure to air gradually converts the Cu(I)-BTA complex

to a Cu(II) compound. This is evident from Figure (6.8b-e)
indicates XPS spectra of above sample exposed to air for 5,
16, 26 and 48 hours and show the gradual increase in the -
peak due to Cu(II). These results are consistent with those
derived already for the surface films. Both the surface
films and solution prepared complexes showed similar
behaviour towards atmospheric oxidation and this might
suggest that they have a similar structure. X-AES spectrum
of this complex before exposure to air (corresponding to
Figure (6.8a)) showed a broad peak at 915.6 eV kinetic
energy (after being corrected for charging effect) because

of high Cu(II) content in the original sample.
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Another useful method of studying the BTA surface
film on copper is infra-red reflectance spectroscopy (51,
55). This enables one to coﬁpare directly the spectra
obtained for the surface films with the transmittance
spectra of unreacted BTA and chemically prepared Cu-BTA
complexes. Lack of high sensitivity, samples sizes and
reflectivity severely limits the use of this technique.
Nevertheless the technique can be used together with other
methods, such as ESCA, to help understand the system
more accurately. From the point of view of this study,
the important region of the I.R. spectrum is 2500-3500 cm— L
where the C~H and N-H stretching vibrations occur. The
spectrum of BTA and Cu-~BTA complexes were obtained in the
solid phase, using a KBr disc containing small amount
of the compounds. There are some disadvantages in using this
solid state method. The absorption bands in solid state
are broader than for liquid samples. Moreover, the pressure
applied to press the discs, in some cases, can lead to an
alteration in chemical nature of the substance to be
analysed. This is for instance the case for some Cu(II)
compounds, which due to high pressure convert to Cu(I).
This was the case for a chemically prepared Cu(II)-BTA
complex when pressed to form a pellet for ESCA analysis.
Apart from these limitations, the technique is quite
reliable with good reproducibility. ,Figure (6.9a) shows
a reflectance spectrum of Cu mirrors and (6.9b) shows
a typical spectrum of BTA obtained in solid phase. The
latter spectrum shows a broad, multi-peaked band between

2500-3450 cm™Ll. This arises from the >NH and C~H stretching
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vibrations. Stretching frequencies of C-H bands

appear as weak bands near 3000 cm_l

but, being weak,

they are usually obscured by the stronger N-H absorption.
The N-H stretching band has been placed around 3200 cm“l
by O'Sullivan (75) and near 3450 cm L by Morgan (76),

for benzotriazoles. The broéd bands in this region of the
BTA spectra are observed in most benzotriazoles between
3200-3100 cm_l and is consistent with hydrogen konds of
moderate strength of the type N-H ... N.

In the region between 1000-2000 cm-l bands
related to heterocyclic ring systems appear near 1469,
1420, 1390, 1315, 1280, 1210, 1150, 1120, 1100, 1070,

1030 and 1012 cm-l, according to Harzel (77) and Leiber
(78). The strong band around 1200 cm"l may arise from
- N-N- vibration (51).

Many bands below 1000 cm ! are due to deformation
vibration of the benzene ring. Out-of-plane C-H bending
vibrations in the aromatic ring, give rise to the strongest
band in the benzotriazole spectrum around 745 cm—l (51)

Infra-red spectrum of a Cu(I)-BTA complex
(Figure (6.9c)) prepared from the solution showed a
resemblance with BTA spectrum with two major differences
namely the disappearance of a band around 2800 cm"l
and a shift in the band around 1215 cm—l in benzotriazole
to 1150 cm ' in the complex. Figure (6.9c) shows an
infra-red spectrum of a Cu(I)-BTA complex prepared from
acidic solution in the presence of chloride ions and pressed
in KBr disc.

A multiple reflectance unit with two copper mirrors
(see Chapter 5) was used to obtain Cu-BTA surface film spectra.

The spectra were obtained from samples treated in different
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conditions of temperature, concentrations etc. as described

for ESCA (section 6.1.1). Apart from differences in band
intensities, the spectra were almost identical. Figure (6.94)
shows a multiple reflection spectrum from copper mirrors
covered by film formed by reaction with BTA. The spectrum
is typical of dozens of others recorded for films formed
on copper by BTA. Comparison of the BTA infra-red spectrum
Figure (6.9b) and reflectance spectrum of complex film

on copper Figure (5.9d) shows that in this case also,
there are two major differences between the spectrum

of BTA and the spectrum of the surface film, namely the
disappearance of band around 2800 cm—1 and a shift in the
band at 1215 cm—l. The disappearance of broad bands around

2800 cm—l indicates that there are no N-H group retained

in the Cu-BTA complex and surface film. The band around

3000 cm™ !

in the spectra in both cases, is characteristic
of aromatic CH group stretching vibrations.

In an attempt to deuterate the surface complex,
the copper sample was treated with a D20 solution of BTA. -
I.R. reflectance spectrum of the resultant surface did not
show any N-D vibration indicative of complete replacement
of N~H (or N-D) with N-~Cu. Attempts by Poling (51) to
deuterate the surface complex after being formed from
aqueous solution also showed no N-D vibration in the I.R.
Spectfum.

Many similar heterocyclic compounds are reported
to exhibit the same behaviour with respect to replacement
of N-H group with N-M in which M is a monovalent metal such
as copper, Na, Ag etc. 2-mercaptopyrimidin-~4-0l1 (2-thiouracil)
which has two - NH groups in the molecule has been reported

to exhibit N-H bands of moderate strength at 3100 cm * (79).
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This band disappeared in the spectrum of the complex of

. this compound with copper. In another work (80), Cu(I)

complexes with 2-imino-4-oxo-1,3-thiazolidine have been
studied. The cyclic-NH for the free ligand appears as a

broad band with strong intensity at 3100 cm_l. The appearance
of this band at 3100 cm_l is attributed to the intermolecular
hydrogen bonds (81). In the spectra of the complexes, the
cyclic NH is absent. This indicates the deprotonation of the
cyclic NH and its bonding to the metal. The lowering of
intensity and decrease in the frequency of C-S stretching
mode in the complex is attributed to the co-ordination

of the sulphur to the metal in addition to nitrogen.

In addition to the above compounds, another series
of compounds with N-H group in the molecule is 2-mercapto-
benzothiazole and its related compounds. In the formation
of complexes with copper, the N~H was similarly eliminated.
This will be discussed later in Chapter 7.

Comparison of Cu-BTA complex I.R. spectrum with
the reflectance spectrum of the surface film shows that
these two spectra are very similar. The similarity between
the two spectra has been previously reported (51). Minor
differences might be due to different techniques used to
obtain these spectra. This strongly suggests that the BTA
surface film has the same chemical nature as the Cu-BTA
complex prepared chemically. This might be taken as
evidence for a precipitation mechanism for formation of

the surface film.

6.1.4 Structure_of Cu(I)-BTA_complexes

The chemical structures of Cu(I)-BTA complexes

both on the surface and prepared from the solution, are
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of importance, because they enable one to compare the
surface film and solution prepared complexes, which may
help to elucidate the mechanism of film formation. Although
it is possible with some accuracy to measure the stoichiometric
ratio of the complexes prepared from the solution by standard
chemical analysis technique;, this is not true for the
surface film. ESCA can offer a unique way to investigate
the stoichiometry of the surface films and analogous
chemically prepared complexes (see Chapter 4 for details).

Previous chemical analyses of solution prepared
Cu (I)-BTA precipitates by Cotton (39) and by Poling (51)
support a stoichiometric ratio of one copper atom to one

BTA molecule. Table (6.1) shows both sets of results.

C% H% N Cu% Cls
calc. 39.7 2.2 23.1 35.0 -

Poling
found 37.6 2.7 20.8 32.1 7.7
calc. 39.67 2.22 23.13 34.98 -

Cotton
found 39.67 2.37 22.49 33.71 -

v e = ——————— ey o . S = b Tt T S S Sy S S - — . T e g ——_———— oy G- b

However, Poling (51) noticed the existence of chlorine in tle
precipitate despite several washes in distilled water. The
proposed structure for both Cu(I) and Cu(II) complexes by
Cotton (39) is shown in Chapter 5.

In the course of the present study it was found that
there are two types of Cu(I)-BTA complexes, depending upon
the methods of preparation. The complexes obtained in the
absence or only small quantities of chloride icns, have a

stoichiometric ratio of one Cu—-tc one BTA, determined uﬁqj

standard chgmxéél analysis techniques (see Appendix A
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These results are similar to those of Cotton (39)
and Poling (51), as discussed above. Results from ESCA
analysis of peak intensities of these complexes supports
this stoichiometry,Qﬁayﬂéywﬁﬂ@ﬁ, using Wagner (34) and
Jgrgensen (35) relative intensity factors.

However, in higher concentrations of chloride ions,
i.e. in NaCl containing solutions, ESCA analysis of the
complexes showed that the ratio of Cu to BTA is 2, and for
each two atoms of copper there is onlv one chlorine atom.
Therefore, the stoicﬁiometry of this complex appears to be
Cu,Cl BTA. Chemical analysis of this complex supported
this ratio. Results of the chemical analysis for Cu, C,
N and H, are given in Table (6.2) and the analytical details
in Appendixp .

Based on this information, the following structure

for this complex is proposed:-

/// \\\
Cu Cu “Cu Cu
N //f
BTA

BTA

In this structure, copper is in cuprous state, having
the co-ordination number 2. The atoms of copper, are bridged
together by BTA molecules and chlorine.

Co-ordination number 2 in Cu(I) compounds is found
frequently, for example cuprous azide occurs with a zig—zag
polymeric chain in which Cu is in co-ordination number
2 (82). The planar, dimeric diazo aminobenzene-copper (I),
is another example in which copper is in co-ordination number
2 and two diazo aminobenzene groups are held together by
linearly co-ordinated copper atoms to form an eight member

ring (83):-



Element Sensitivity Sensitivity Peak Heights Peak Area -Ratio Chemical Chemical
Peak Height Peak Area (found) (found) (2 atom) Analysis¢®) Analysis
(Wagner) (Wagner) mm corresponding Cu (Calculated) (found)

wt.mg. % %
C .27 0.24 9.3 166.6 7.7 25.5 25.0
(0.27) ¢®) 16 (7.9) P
N 0.42 0.41 11 199.2 3.03 14.8 11,6
(0.4)¢?) 32 (z.7) (P
H - - - - 1.7 1.6
¢ 8?
Cu(I) - 3 13 26,1 2 45.3 43.8
a b
(3)( ) 8 (2)( )
Cl 0.55 0.46 9,4 200.3 0.988
(0.42)¢®) 64 (1.2)®) 12,6 -

Table 6.2: ESCA and Chemical Analysis for Cu(I)-BTA complex.

(a) Values are given by Jgrgensen (35)
(b) Values are calculated for peak areas,
<y col owdoded bes ed s CGap D BTN
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C6H5 C6H5
\N—-—Cu—N/
¢ e

N,———Cll——“N/
/ AN
C6H5 C6H5

Linear 2-co-ordination is also found in Cu20 and KCuO (84).
Many of the compounds having a combination L Cu X, where

L = ligand, X = halogen, might be expected to contain
2-co-ordinate copper, according to Bailer et al (82).

Also when halogen is present, halogen bridging can occur in

Cu(I), complexes (85), for instance:-

\/\/
/\/\

ESCA examination of the Cu(I)-BTA surface films
which were prepared "infinitely thick" to make sure there
are no contributions to the signal intensities from copper
substrate, revealed that the stoichiometry of the films
are identical to that of their analogous precipitates
prepared under similar conditions, Table 6.2 . In the surface
complexes two different complexes due to presence or
absence of Cl” were identified. Surface complexes were
found to be identical to those prepared chemically in
every respect; stoichiometry and binding energies. Thus,
taking into account the previous results obtained from the
oxidation behaviour of the surface complexes and precipitates
and also their similar infra-red spectra, it can safely
be concluded that the surface film is indeed a Cu(I)-BTA
complex identical to Cu(I)-BTA prepared chemically. This

suggests a dissolution and re-precipitation mechanism
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which will be discussed later in more detail.

Because of the instability of BTA at spectrometer
conditions of pressure and temperature (10-9 Torr and room
temperature), it is not possible to obtain reliable BTA
electron spectra. This is because at pressure ﬂég; than lO'-5
Torr and room temperature BTA sublimes almost instantaneously.
However, at a low temperature (say -150°C), it is possible to
prevent BTA from evaporation (sublimation) and hence to obtain
its ESCA spectrum. The electron spectrum of N 1ls of BTA
obtained at less than -150°C (for experimental detail see
Appendix A ), showed a broad peak at a binding energy of
398.3 eV, in contrast with the previously reported binding
energy of 400.2 eV. A comparison of binding energies given
in Table (4.7) by Siegbahn et al (14) with BTA, shows the
400.2 eV binding energy for N 1ls in this molecule is
probably incorrect. Calculation of the charge on the N-H
group of BTA using Pauling electronegativity values
(see Tables (4.1) and (4.2)) showed an approximate value
of -0.24 which corresponds to'a binding energy of less
than 398.0 eV (see Chapter 4). A closely related compound
to BTA, namely benzimidazole with the following structure

N\\ , was investigated by ESCA, for the

[::[: :>C - H purpose of comparison. This compound

g was found to be resonably stable at
low pressures. The N 1ls binding energy of the benzimidazole
was determined to be 397.8 eV. The fact that in the previous
study (36), the problem of evaporation associated with

obtaining the BTA electron spectrum has not been mentioned,
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suggests that the N 1ls peak observed by Roberts (36)
may be due to impurities or arise from the double—sidéd
adhesive tape which had been used to mount the samples.

In the complex with copper (both surface and
solution prepared complexes), changes take place in both
binding energies and the shape of the N 1s peaks for both
BTA and benzimidazole. The binding energies of the N 1s in
copper complexes of BTA aqd benzimidazole were found to be
399.9 eV and 399.4 eV respectively, and in both cases the
peaks are significantly narrower, from about 6.1 eV FWHM
in BTA and benzimidazole compared to 2.7 eV in the
complexes. Figure (6.10a) shows N 1ls XPS spectrum in
BTA and Figure (6.10b) the N 1ls peak in Cu(I)-BTA complex.
Figure (6.10c) and (6.10d) show N 1ls peaks in benzimidazole
and its copper complex respectively. No change was observed
due to different ways of complex preparation for example
presence or absence of the Cl1 .

The small value of FWHM for the N 1ls peak in the
complexes shows that the charge is distributed evenly
on the three nitrogen atoms. Looking at the structure of
the Cu(I)-BTA complex proposed by Cotton (39) and Poling (51),
in which two copper atoms are bonded to nitrogen 1 and 3 of
BTA molecule (Chapter 5), the charge differences are
smeared out by delocalization. The narrowness of the N 1s
peak in the complex is consistent with this interprétation.
In fact, when BTA dissolves in water, some molecules lose
a proton, becoming a BTA;, leading to the following

structure:

O

N« , N:
N

o
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In this structure, charge is distributed over the three
nitrogen atoms and because of the delocalization the
molecular anion is more stable. Copper ions in solution
now can form a chemical bond with BTAB, The same argument
is also valid in the case of benzimidazole.

The formation of BTAG, however, is not the only
possible route for BTA to co-ordinate with copper ions in
solution. Another possibility is the hydrated cuprous ion

reacts directly with BTA according to:

H20+ B’f‘A
1

HZO - ?u —HZO + BTA = HZO - C;u - HZO + H30+
H20 HZQ

The nitrogen atoms serving as the electron donor atoms

in a great variety of ligands has been reported (14). Some

of which are:
37 tN =C -8, N:, etc.

6.1.4.b Oxygen l1s_electron spectra

The oxygen ls peak in the XPS spectrum of the
Cu(I)~BTA surface film is always present in films
prepared in standard solutions. Since at pH = 3 this peak
could be due to oxygen or water adsorbed onto the surface,
and not associated with the complexed molecule, attemﬂé
were made to remove thin layers from the top of the surface
film to examine the inner layers. Argon ion bombardment
of the surface for a short time (e.g. 30 sec.), using the
lowest possible energy (e.g. 1 kv and 6 uA), resulted in
the removal of a thin layer. This reduced the C, N and O 1s

peak at a similar rate, within experimental accuracy.

However, for untreated polished copper samples, argon ion
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spluttering reduced the O ls peak to a negligible intensity

in a comparatively short time. Figures (6.lla-f) show the

XPS spectra of a copper specimen covered with complex film,
(6.11a), and after removing thin films from the surface
(6.11b-e). The reproducibility of these results argues
against patchy absorption as a possible explanation for the
persistance of the 0 ls peak in the spectra of BTA treated
samples. The observation of O ls peak in this series, can be
taken as an indication that oxygen or more probably HZO is in

fact involved in the surface filmthroughout its depth.

6.1l.4.c Chlorine and bromine_electron_spectra

Formation of Cu-BTA complexes in the presence of
bromide ions instead of Cl~, showed that bromine behaves
in an identical manner to chlorine. Examination of both
surface films and the complex prepared from the solution
showed that these two are identical and they are also similar
to those formed in the presence of Cl7, having stoichiometric
formula of Cu,Br BTA. Because of the sharp and intense
nature of bromine XPS spectrum, it is easy to determine
the binding energy of bromine with great accuracy even in
small quantities. This is not the case for chlorine
because of the small separation between Cl 2p3/2 and Cl 2pk@'
and it is not possible to determine the binding energy of
Cl™ in the complex with great accuracy. Binding energy
measurement of Br 3d in Cu Br and in the complex showed
however that there is a slight shift of about 0.7 eV
towards lower binding energy in the BTA complexes. This is
also the case for Cl 2p3é. The binding energies of Cl ZP%@
and Br 3d in the complexes and the surface film before and
after atmospheric oxidation did not show a significant

change. Binding energies are listed in Appendixf.
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6.1.5 Depth_profile of the surface films

The relationship between the structure of the Cu-BTA
films, Cu,0, and the metallic copper substrate is of
importance because it helps to elucidate the mechanism
of film formation and corrosion inhibition. T. Nateya and
G.W. Poling (54) studied the topography of complex
films and the relationship with the Cu20 interlayer. Ogle
and Poling (53) showed the stability of Cu20 in solutiqn
depends upon the pH. They have shown that at pH > 4, Cu20
is stable and virtually no dissolution takes place. On
the contrary, at pH < 3, the CuZO dissolution is almost
instantaneous and complete. In a 4 > pH > 3, however, it
is possible to observe a partial dissolution. That is to
say, if the original Cu20 film is thick enough at a pH
between 3-4, some Cu20 may dissolve and leave a copper
surface which is still covered with CuZO (see Chapter 5 for
details). In the BTA treatment of samples covered with
Cu20 at different pH, it was shown (53) that an interlayer
Cu20 is retained only when the pH of the solution is greater
than 3. The results obtained in the present study using
different techniques are consistent with previous results.

Argon ion bombardment was used to investigate the
depth profile of the surface films, and in particular
examine the underlayers. Very low beam energy and low
etching rates were used for argon ion bombardment and-the
X-AES spectra of the sample in the Cu LMM region were
obtained at frequent intervals throughout the etching process.

The samples were covered originally with thick Cu,0 films,

2
growvn electrochemically. In one set, samples were treated
with standard solution of BTA at pH ~ 3 for a long period

of time (say 10 hours) and in another set samples were
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treated in a similar solution, but at pH ~ 7. Samples
treated with solution at pH -~ 7, despite prolonged
exposure to the solution (e.g. 48 hours), were found
to be covered with a very thin film of Cu BTA, which
immediately disappeared after argon ion bombardment
for 30 seconds at lowest rate, leaving a CuZO underlayer.,
Further bombardment of the surface, gradually resulted in
the disappearance of the underlayer Cuzo, with the appearance
of metallic copper. Figure (6.12a) shows an X-AES spectrum
of Cu,0 sample in Cu LMM region. Treatment of this sample
with BTA, results in formation of a thin film which is
evidenced by slight broadening to lower kinetic energy,
Figure (6.12b). In addition, the presence of a Cu-BTA film
was established by the XPS spectra of C 1ls and N ls.
Argon ion bombardment of this sample for 30 seconds at
1.5 kv and 6 puA results in the disappearance of this Cu-BTA
film, which is evidenced by slight shift in Cu X-AES spectrum
to higher kinetic energy, the kinetic energy corresponds
to untreated Cuzo. It is clear from Figure (6.12c) that
all the Cu-BTA film has been removed leaving Cuzo. This
is also supported by the disappearance of the N ls
signal and decreased intensity of C 1ls peak, and an
increase in O 1ls peak intensity in the XPS spectrum.
Further bombardment for another 3 minutes results in the
appearance of Cu metallic peak, Figure (6.12d) and after
3 more minutes, almost all the Cu20 signal has_disappeared,
Figure (6.12e). XPS spectrum of O 1ls showed that there is
hardly any oxygen left on the surface.

Samples treated with a standard BTA solution at
pll = 3 exhibited completely different behaviour. Argon ion

hombardment of these samples showed that there are no
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intermediate layers of Cu,0 and that the thick surface

2
films were Cu(I)-BTA. Figure (6.13a) shows X-AES spectra of

a copper sample covered with a thick Cu(I)-BTA film

and Figure (6.13b) shows the result of argon ion bombardment
of this sample for 1 minute at the previous rate. The spectra
are virtually identical, though there may be a slight
shoulder due to a metallic Cu signal. 3 minutes more
bombardment results in appearance of an intense metallic

Cu peak while still there exists some Cu(I)-BTA.

Figure (6.13c). No Cu20 intermediate layer appears to be
retained during BTA treatment under these conditions

Argon ion etching of the surface for longer times

eventually results in Figure (6.13d) which may be

compared to X-AES spectrum of a clean Cu surface. Tigure
(6.2) and also XPS spectrum of sample showed no N 1s

and O 1ls peak. It could be argued that argon ion bombardment
might damage the film, giving misleading results. However,
X~-AES spectra obtained earlier by wiping off part of the

surface film showed no evidence for the presence of Cu,0

2
(see Figure (6.6)). It can be concluded that at pH < 3 there
is no Cu20 underlayer and the thick surface films produced
under these conditions are entirely Cu(I)-BTA. The
presence of an O 1s peak in XPS spectrum of films prepared
in this fashion as discussed in 6.1.4.b might be due to
the existance of H,0 in the surface film.

These results are consistent with those of Ogle
and Poling (53), for pH > 4 and pH < 3. Between pH 3-4 the

situation is more complex and will be discussed later

in the context of the mechanism of film formation.
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6.2 Mechanism of Cu-BTA Film Formation

During more than ten years extensive study of the
Cu-BTA system, many data from different aspects
have been reported by several authors, but the mechansim
of film formation is far from being clarified. As discussed
earlier in Chapter 5, Cotton (39), Poling (51) and
Mansfield and Smith (52) have proposed mechanisms by
which certain aspects of film formation are explained.
However, to date, no model has been proposed which can
explain satisfactorily the entire set of observations.
The reasons for this are the wide range of conditions
and the limited applicability associated with different
techniques, such as infra-red spectroscopy and ellipsometry.
This has produced results which cannot be directly
compared. ESCA with its potential for surface analysis
seemed initially to suffer similar limitations. That is
to say, at an early stage of using the ESCA technique
for this problem, the only way to establish the presence
of a Cu-BTA surface film, was the observation of peaks
from the N 1ls and C 1s of the inhibitor. These are
the criteria which have been used by Roberts (36) to
prove the existence of the Cu-BTA film, and also by the
author at the early stages of the present work. This is
certainly is a limitation of the XPS methods, and
because of it the technique cannot go beyond determining
the oxidation states of elements in the complexes, and the
stoichiometric ratios of the elements in the film. The
evidence for formation of the surface Cu~BTA complex is
indirect. However, during the course of this study, it was
found that X-ray induced Auger spectroscopy can provide

valuable information about the film formation in different
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environments, because it can distinguish the Cu-BTA

complex itself. The X-AES method enables one to differentiate
an extremely thin, say a few ﬁ, Cu-BTA film from the
substrate. The combination of X-AES and XPS as discussed
earlier (section 6.1 ), haé been found to be a most
powerful method for the study of the Cu-BTA system, and
other related systems.

In this section the results of an investigation
of f£ilm formation, its thickness, and the effect of
different conditions of the treatment solutions and
surfaces are presented. Among the various variables in
the film formation process, such as acidity of the
solution, the BTA concentration, the temperature of
the solution, and so on, the most important factors were
found to be the pH of the treatment solution, the concentration
of chloride ions in the solution, and the original cuprous
oxide surface film. This section then, is divided into
three parts which consider the effect of pH, Cl1l~ and Cu,0
on film formation and its thickness in the first two parts
and in the last part, a model based on these facts is

proposed.

6.2.1 The role of Cu,0 in film formation

Copper oxides are shown to be important in Cu~BTA
film formation (52, 53). The ellipsometric results of
Mansfield and Smith (52) discussed in Chaptexr 5 suggest’
that the presence of copper oxide is essential .for film
formation. Although aspects of their experimental work on
oxide—-free surfaces was not quite satisfactory, the
implication that the presence of Cu20 is important is
clear. Roberts (36) has shown that reaction with a Cu.O

2
surface is much faster than adsorption onto Cu0, and
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Ogle and Poling (53) made an extensive study of Cu20

behaviour in different pH solutions with and without BTA.
Some aspects of this work were discussed previously. The
relationship determined by Ogle and Poling (53) between
the Cu,0 thickness, the pH of the treatment solution,

the exposure time, and the thickness of resultant

Cu~BTA film is given in Table (6.3) and Table (6.4).

Immersion time Cu,0 Thickness (A)
pH (min. ) Initial  Final
3.00 2 282 92
3.00 10 318 75
5.35 300 177 326

e - e s — T —— - s T P S —— . T - — — T T — " T e s T G T T T

pH C¥%2t§2§0kne;§né?) Cu~BTA Thickness (A)

3.51 25 8 183

3.51 90 58 47

2.99 56 not 1320
detected

Table (6.5) Effect of Cu,0 Films _on Cu-BTA Formation (53)

This data shows that the thickness of the Cu-BTA
films are related to the thickness of Cuzo which has either
dissolved or disproportionated, although this fact does not
seem to have been recognized by Ogle and Poling (53).
Furthermore, the most important single factor in determining
the amount of oxide dissolved, is the pH of the solution.
The question still remains, however, as to how the copper
oxide is involved in complex formation, i.e. the mechanism

of its involvement and the role played by the oxide

substrate in complex film thickness.
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In an attempt to assess the role of the surface
oxide in film formation and in influencing the'final film
thickness, film formation on an oxide-free surfaée was
studied at early stages of the present study, using I.R.
reflectance spectroscopy. For detailé of experimental
see Chapter 3 and Appendix A . The polished copper mirrors
prepared for this experiment were etched mildly in a
diluted HNO3 solution for a short time (e.g. 20 seconds),
and then were polarized in a pure NaCl electrolyte at
-0.90 V vs. S.C.E. using a potentiostat, under a nitrogen
atmosphere. After some time at that potential to make
sufe all surface oxides were reduced to copper metal,

a solution containing the inhibitor was subsequently
injected from a side arm while allowing the sample potential
to vary freely. Figure (6.14a) shows an infra-red
reflectance spectrum obtained from a sample after cathodic
reduction of the oxide followed by inhibitor injection

and exposure to the same solution for !4, hour. Comparison
with Figure (6.9d) indicates -that no trace of Cu-BTA
complex is evident in this spectrum. Interestingly,

the same sample after running the I.R. spectrum, was left
exposed to air for some time and then placed in the same
BTA solution for a short period of time (say !4 hour).
Examination of the infra-red reflectance spectrum,

Figure (6.1l4b), showed that the sample surface was now
covered with a relatively thick Cu-BTA complex, indicating
the importance of Cuzo in Cu-BTA film formation.

The validity of these results was examined
later using XPS and X-AES method and will be discussed
below. It is clear now, that although BTA does form a

complex on the oxide-free copper surfaces, the film
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thickness stays extremely low. Therefore, although the
inability to detect the Cu~BTA surface complex after a
cathodic reduction is probably due to the lack of sensitivity
in the I.R. technique, the géneral picture is still valid.
Having established that Cu,0 is important in film
formation and in determining film thickness, a detailed

study seemed necessary to elucidate the mechanism of film

formation.
a) Behaviour of Cu.O samples_in_ inhibitor-free solutions
When a Cu,0 sample is immersed in an aqueous solution

2

free from the inhibitor, the following reaction greatly
depends upon the pH of the solution. This is demonstrated

by Equation (6.1) (26).

Cu,0 + 20" == 2cu” + H,0; log (Cu') =-0.84 - pH  (6.1)

The conditions governing the stability of cu’ salts are defined
by the alternative electrode processes (6.2) and (6.3).

Cu==Cu + e (6.2)

Cu\:‘-Cu-H' + e (6.3)

At equilibrium, in the presence of metallic copper,

(Cu2+)

o K, at ZOOC, K has the magnitude 1 x 106. Hence
(Cu’)

copper will dissolve in a solution of a Cu2+
salt until enough Cu+ ion has been formed to establish
equilibrium in the system. Conversely, Cu+ ions, would
undergo disproportionation, according to Equation (6.4), until

equilibrium was reached.

2Cut;i:Cu2+ + Cu (6.4)

The numerical magnitude of K implies that appreciable
. + . . .
concentrations of Cu ions cannot exist in a solution at all,

and the known copper (I) compounds are limited to those
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which are extremely insoluble (the oxide, sulfide and

halides), so that the Cu+ ion concentration in equilibrium
with the solid cannot rise to a value involving appreciable
disproportionation and the Cu+ ion concentration is held at a

low figure. Other Cu(I) salt such as Cuzso4 are unstable.

From Equation (&8.l1l), the concentration of Cu+ ion at

different pH can be calculated. For example, at pH = 7

+ _7.84 ameunt
(Cu') is equal to 10 "° M. The ya%# of the disproportionation

2+ 0—9.68

can be determined by (Cu2+) = 106, so (Cu®') =1 M,
+, 2

(Cu’)
which is smaller than (Cu+) by a factor of almost 100.

Let us compare this value for the one which is calculated at
pPH = 3. At pH = 3, (Cu+) was calculated according to

-3.84

Equation (6.1) to be 10 M, and (Cu2+) has a value

of 10—1'68 M, more than 100 times greater than the wvalue of
(Cu+). It is quite clear that at pH = 7, an extremely

small amount of Cu+ dissolves and contribution of the
disproportionation reaction is almost negligible. In
contrast, at pH = 3, disproportionation reaction becomes
exceedingly important by which cu’ ions can disproportionate

by a magnitude of 2 x 10_1'68

M. This figure shows,

for samples with surface areas of a few cm2, thousands of A
of Cu20 can disproportionate in 1 litre of acidic solution
at pH = 3. Cuzo disproportionates by dilute solution of
acids (H2804, HF, etc.), to a Cu(II) salt and free

metal (87);

+ H,0 + Cu (6.5)

Cu20 + H2804;: CU.SO4 2

In the present work, the presence of Cu2+ ilons in HZSO4

b
solution was established by U.V. adsorption spectroscopy
of the solution,NoCu2+ ions could be detected when hydro-

chloric acid was used, or when Ccl™ were present. The
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reason lies in the fact that immediately after

disproportionation according to (6.4), a second reaction

occurs (Equation 6.6).

2+

Cu + Cu gy F 2C1° > 2CuCl (6.6)

(aqg) (s)

CuCl is a colourless precipitate and has no absorption

band in U.V. region.

Examination of the surface of a Cuzo sample
(grown electrochemically) treated with a solution of HC1
at pH = 3, by ESCA revealed that after a few minutes
treatment, the resultant surface becomes an oxide~-free
metallic surface. Figure (6.15a) shows an X-AES spectrum

of a copper sample covered with thick Cu,0. Figure (6.15b)

2
shows the result of treatment of this sample for 30 seconds
with a solution of HCl at pH = 3. It is clear from this
spectrum that the thickness of CuZO film after 30 seconds,
has been reduced to a few A (within the escape depth of
Auger electrons), evident from appearance of a metallic
peak in the spectrum. Results of 5 minutes treatment of an
identical sample is shown in Figure (6.15c). This spectrum
represents an oxide-free metallic surface and very small
amount of Cu2O present is due to the atmospheric oxidation
during transfer from the solution to the spectrometer prior
to measurement. |

At pH= 7, aé calculated already, only an extremely
small amount of Cu20 dissolves as Cu+ ion in solution and
disproportionation plays only a negligible rolé. So,
introduction of a Cu,0 sample in an aqueous solution at pH = 7
does not result in complete dissolution of Cuzo even after

a long period of time and the Cu Auger spectrum remains

unchanged. pH = 7 and pH = 3, represent two extremes
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in the present study. At pH = 7 virtually no dissolution

takes place, so Cu,0 samples remain(intact, in contrast

at pH = 3 all Cu20 dissolves (disproportionates) leaving a
clean metallic copper. The situation between the two
extremes is not difficult tb visualise. At any pH, it

is possible to calculate how many Cuzo atoms enter the

solution, and thus by knowing the Cu,0 original thickness,

2

determine the resultant thickness of Cu,0. Thus it follows

2
that by chosing the correct pH, it is possible to remove
some of the Cu20 surface f£ilm, or all of it. This has been
demonstrated experimentally by Ogle and Poling (53)

(Table (6.3), see also section 6.1.5).

b) Cu-BTA films formed at pH ~ 7

Cu-BTA films formed on Cu20 with different thicknesses
were produced by exposure of the samples to a solution of
BTA at pH ~ 7, 0.5M NaCl, 0.02M BTA at 25°C and N
purging. Films on air-formed oxide layer, although
formed readily, stayed low in thickness and did not
change due to prolonged exposure to the treatment solution.
Figure (6.16a) shows an X-AES spectrum of a copper polished
sample which has been exposed to air for two hours.

Figure (6.16b) shows the result of % hour treatment of this
sample with BTA solution at pH ~ 7, and Figure (6.16c)
shows the result of an identical sample treated with the
above solution for 2 hours. In both Figure (6.16b) and
(6.16c) film formation is evident from the broadening and
the appearance of a shoulder on the lower kinetic energy
side of the Cu20 peak. Existance of a Cu-BTA complex

was also confirmed by appearance of a N ls peak and the

enhancement of C 1ls peak in XPS spectrum of the surface.

In both Figure (6.16b) and (6.16c) peaks corresponding
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to metallic Cu and Cu20 are still present, indicating the

Cu-BTA film is very thin.

Cu-BTA film formation on sémples with thick
Cuzo (grown electrochemically) by treatment of these
samples with a solution of BTA at pH = 7(similar to above
mentioned solution), was already discussed in (6.1.5)
in determining depth profile of the surface films. Cu-BTA
films formed in this way, stayed thin and no increase in
the thickness was found due to prolong exposure to the
solution (see Figure (6.12b)).
c) Cu-BTA_films_ formed on Cu,O_samples at pH_ - 3

Results from X-AES and I.R. reflectance

spectroscopy showed that for samples with electrochemically
grown Cuzo films, relatively thick Cu-BTA complex films
are formed when the pH of the treatment solution is less
than 3, provided chloride ion is present. The role of
chloride ion will be discussed later. Figure (6.17a)
shows a Cu LMM Auger spectrum of a sample with a thick
CuZO film and is identical with earlier spectra. Figure
(6.17b-d) show the X-AES spectra of these samples treated
with standard BTA solution at pH < 3, for progressively
longer periods of time, namely 30 seconds, 2 minutes and
20 minutes treatment respectively. The last spectrum in
Figure (6.17d) shows that there are no peaks due to Cu
at 919.7 eV k.e. or Cuzo at 917.9 eV k.e., indicative
of formation a relatively thick Cu-BTA f£ilm which its
thickness is greater than Cu Auger electron escape depth.
Results from I.R. reflectance spectroscopy of similar
sanmples treated in the same way, supported these

conclusions. It is clear that thick Cu~BTA complex films

are formed in a relatively short period of exposure time.



Ty L Sy,

Figure 6.,17:

P — RO e
n
Cu MM [Auger)
\.
.- B
I
. A
s
.
P
. l .
. -
o I LN
.
o,
. s .
o Fi
o M
- o
h <. | y
- . - S .
SaN S e,
. | S
~
'-‘. ._4' .l. l
23 ’,
7 - -
; - .
Tt I BN
- - .
v
[ IR ~ . e,
~ Aot
. A .
A SIS Fiae PN .
ST |'~ A G e
. . g * LML I YOI AN
. -
-~ ™ }
.. 1N
sal -
Ll * "
; L
= l .
o om >
~ | .
.o
. s LA v | K A -
- v - PV
bo.,\" -t d ‘ i ST, “
~a et o -
’ - * ...' LT \'a
- . -
o l ‘,‘..-'.
&
. ..
J
. .» 4 M
o OCR
-’.'. ’.
b L.
L ST
IR I .
. PN ' .
v 70N, -
c' EAAA * | 1 =0
. - -
. . .
- ‘ . . . aet -,
e -
"
y [
- l
.
L
. P
[ l
.
, et e I
d » . . . .
) - )
o]
930 20 910
brs oz s« eamrmienn n v s st et e }
iCinetic Energy (£/ectron Volt )
BTt . LY 8 L AT i 50 A AR YL B e B e AT Y AT X A AP 5 M £ P e Y ot rmn )

X-AES spectra of CuZO samples treated with

_nt_ph=3; (a) fresh Cu,0 sample;

- = m  GE e S - A T B B S ey - e - - SE D En e B M v e e . e S e be o e B W e we -

VRN P - WY o 1A AR



162
An important fact from the point of view of film

.formation mechanism is that the rate of Cu,0 dissolution
(disproportionation) is greater than the rate of Cu-BTA
complex formation. A 30 seconds treatment with solution
(Figure (6.17b)) results in the appearance of a
shoulder at higher kinetic energy of the main Cu,0 peak,
indicative of Cu metal (913.7 eV). Cu-BTA complex film
formation then appears only after a couple of minutes
(Figure (6.17c)).

Treatment of samples with air-formed oxide with
BTA solution at pH = 3, resulted in the Cu-BTA film
formation, but the film thickness stayed low (within
escape depth of Auger electron). These results are
consistent with the hypothesis that for relatively short
exposure times of Cu20 covered samples in a solution of
BTA, the oxide original thickness determines the thickness
of the resultant Cu-BTA complex film and not anodic
dissolution of Cu metal.
d) Cu-BTA_films formed on cxide-free surfaces

I.R. reflectance spectroscopy of oxide-free
surfaces treated with BTA solution showed no Cu~BTA film
formation (see section (6.2.1)). The XPS spectra of
samples treated in a similar manner, however, revealed
those peaks characteristics of BTA namely C 1ls and N 1ls,
although substantially reduced in relative intensities
compared to those samples exposed to BTA solution without
cathodic reduction of the oxide. This suggestéd that the
Cu-BTA film was extremely thin, say the order of a
monolayer. In order to investigate this further,

similar studies were made using the X-AES copper

spectrum rather than XPS. The oxide-free surfaces were
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produced in an identical fashion to those described

earlier. For details of experiment see Appendix A,
Figure (6.18a) shows an X-AES of a copper sample after
being cathodically polarized followed by inhibitor
injection and exposure to the solution for 10 minutes.
Figure (6.18b) shows the result of an identical sample
exposed to the solution for % hour. In both spectra
the metallic peaks (919.7 eV k.e.) are very intense,
indicating that the complex film thickness must be much
less than the escape depth of the Auger electrons. There is
evidence for some Cu-BTA complex formation from the
appearance of a broad peak at smaller kinetic energy side
of the main peak. This experiment was repeated with
solutions at different pH varying between 7 and 3 but
the results always appeared to be similar.
6.2.2  The mechanism of film formation

The mechanism of film formation, based on the
results obtained in this study and also other reported
observations, cannot be a single chemisorption process as
suggested previously (52). Nor is it a simple single
process of precipitation particularly in the presence of
chloride ions. In fact, several chemical processes
with different rates take place "in situ", which eventually
result in the formation of the Cu-BTA complex films. The
model for the mechanism of film formation which will be
proposed below will be explained for the most complicated

case, i.e. copper samples with thick Cu,0 treated with

2

solution of BTA at pH ~ 3 in the presence of chloride ions.
The model then will be extrapolated to the simpler cases.

The first process which takes place when a Cu,O

2
sample is immersed in an acidic solution (pH < 3), is the
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disproportionation of Cu20 according to Equation (6.5)

as discussed earlier. If chloride ions are present,

the second process is formation of cuprous chloride (see-
Equation 6.6). The two reactions are repeated again here:-

,0 + ont=—=cu®* + 1.0 + cu (6.5)

2+

Cu + Cu + 2Cl » 2CucCl (6.6)

(aq) (M) (8)

Due to the small solubility of CuCl, 1.1 x 1073 M,
the solution becomes saturated if the amount of Cuzo on
the original sample is sufficiently large. In such cases

CuCl precipitates mainly on the surface of the copper.

Equation (6.6) represents a highly corrosive media for

4

copper. In fact with a sufficiently large reservoir of Cu+ P

i.e. added artificially, in the presence of chloride ion,
reaction (6.6) takes place until the entire copper

sample has dissolved. The reaction takes place at a
tremendously high rate despite the formation of a CuCl

layer on the surface which has certain protection properties.
Introducing BTA into such a solution does inhibit the
corrosion of copper to some extent. However, reaction (6.6)
followed by formation of Cu~BTA complex as will be discussed
later, does not stop even after BTA introduction and as long

+
as there are Cu +

and C1  ions, the reaction takes place,
though at a much lower rate.

Since the amounts of Cu20 on the samples are
normally limited, the amount of Cu2+ produced by the
disproportionation reaction is only small and thus little
CuCl is produced by reaction (6.6). In this case, even if
CuCl is precipitated because of the high localized

concentration near the copper surface, it will be soon

washed away. Examination of the copper sample with -
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electrochemically grown Cu,0 on exposure to aci@ solutions
coﬁtaining Cl  ions, revealed that -the surface becomes
clean soon after being inserted in the solution. Exposure
of a Cu20 sample in a solution of HCl at pH - 3 as discussed
earlier (Figure (6.15)), revealed tha£ after 5 minutes
exposure to such solution the surface becomes a clean
metallic copper. No trace of chlorine was found in XPS
spectrum of this surface. When BTA is present in solution
there are two possible ways for complex formation. It could
form a complex via thé intermediate stage of CuCl formation
or directly from using Cu2+ ions in solution. The ability
of CuCl to form complexes with certain organic compound
has been reported by many workers (88, 89). However,
whether or not the‘complex formation is via an intermediate
stage, the overall reaction in the presence of Cl will be:

2+

Cu( + Cu + BTA (6.7)

Cl
(aq)
M) (aq)'_—+ CuZCl BTA

(aq) (8)

The second possible way of complex formation is through
the formation of Cu(II)-BTA. In fact, it was found that
Cu (II)-BTA complexes prepared from a solution of Cu2+
and BTA, in the presence of Cl and copper metal, convert
to a Cu(I)-BTA complex. The net result is the precipitation
of CuZCl BTA complex on the copper surface. Examination of
the solution by U.V. spectrophotometry showed that after a
certain period of time no Cu(II) complex was retained in
the solution. This reaction takes place most probably via
an intermediate stage i.e. CuCl formation, since it is
not observed in the absence of chloride ion.

To establish the effect of CuCl as an intermediate,

an attempt was made to divide the reaction (6.7) into

different stages. In the first stage, CuCl was grown on
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the copper samples up to a few thousand A, by inserting

the copper samples in a solution of Cu2+

+ €17, which was
already saturated with CuCl. It was found that a couple
of minutes was sufficient to grow an extremely thick
layer of CuCl on the surfacé. Samples prepared this

way were then immersed in a solution of BTA at pH = 3,

in the presence of Cl , for a short period of time (e.q.
15 minutes). Examination of the resulting surface by ESCA
and Ar ion sputtering showed that the entire film

of CuCl had converted to a Cu2 BTA Cl complex. Using this

technique, it is possible to grow Cu, BTA Cl complex films

2
on the surface with any desired thickness. Argon ion
sputtering was used to determine the thicknesses of the
CuCl and resultant Cu2 BTA Cl complex. In fact, it took

a long time to remove a layer of complex formed in

this fashion. The time taken to remove this top layer

with the highest rate of etching, using estimations of
sputtering rates for pure metals (see Appendix A ), was
sufficient to remove thousands of R of such a film.

Figure (6.19Aa) and (6.19Ba) show a CuCl surface
prepared as explained above, in Cl1 (2p) and N (1ls) regions
respectively. 20 seconds treatment of this sample with BTA
solution resulted in decrease in Cl 2p peak and apﬁearance
of a nitrogen peak, Figure (6.19Ab) and (6.19Bb). It must
be noted that the spectra obtained in this series of

experiments were all at the same condition of X-ray power

and the same number of scans. Five minutes exposure to the

BTA solution resulted in spectra presented in Figure (6.19Ac)

and (6.19Bc) which are clearly similar to (6.19Bb) except
in peak intensities. Figure (6.19Ca) shows the Cu LMM Auger

spectrum of CuCl surface and (6.19Cb) the same sample
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after being treated for 5 minutes with BTA. A small

shift towards lower binding energy in (6.19Cb) is

because of complex formation. From these sets of spectra_
it is obvious that the surface is now completely covered
with a Cu2 BTA Cl complex.ATo find out how deep the Cu-BTA
film is and also tec see whether or not any CuCl underlayer
is retained, argon ion bombardment of the surface was
employed to remove layers from the surface. It took a

very long time with relatively high rate of etching (say

20 minutes with 3 kv and 10 pA) to remove the Cu., BTA Cl

2
film completely from the surface, indicative how thick
a Cu2 BTA Cl layer was formed. Figure (6.192d) and (6.19Bd)
show the results after 20 minutes argon ion bombardment.
Figure (6.19Cc) shows the Cu LMM Auger spectrum of the
resultant surface. It is quite obvious that the underlayer
film is CuCl. For exposures much longer than 5 minutes to
BTA solution (say two hours), the entire film appeared
to be converted to Cu2 BTA Cl complex. Taking into
consideration the above results, it is clear that formation
of a Cu, BTA Cl complex film on the surface is more than
likely via an intermediate stage of CuCl formation.

An important feature of two reactions (6.6)
and (6.7), which effects the film thickness, is the
difference in the rate of reaction between (6.6) and
(6.7). Figure (6.17) as described earlier, indicates
that the disproportionation of Cu,0 takes place within
seconds after sample being immersed in acidic solution,
whereas the formation of a complex film has taken
a few minutes. Thus, the soluble Cu2+ ions entering the

solution form a Cu(I)2 BTA Cl complex (Egmn. 6.7), with the

maximum concentration close to the sample surface. Having a
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small solubility, it immediately precipitates onto the

surface. In this way the maximum film thickness can be
obtained. Immersion of a Cu20 saﬁple in an acidic

solution for a certain period of time (e.g. 20 minutes),
followed by injection of inhibitor, resulted in formation
of only a thin complex film. This indicates that the
products of reaction (6.5) i.e. Cu2+, have dispersed in
the solution and thus only a small amount of Cu2+_ions are
available for film formation at the metal surface,

(Eg. (6.6)). Figure (6.20a) shows a Cu Auger spectrum

of a Cu20 sample immersed in a solution of HC1l at pH ~ 3
for some time (say % hour), followed by injection of BTA,
and then left exposed to the solution for 15 minutes.
Figure (6.20b) shows the result of an identical sample
left for 30 minutes exposed to the solution. Figure (6.20c)
shows an identical sample which was inserted into the same
BTA containing solution for 6 minutes. Obviously in this
case a thicker complex film is formed more rapidly.

The model, now, can explain the entire different
observations. From Equations (6.5) and (6.6) in all cases
the resultant surface complex films will be Cu(I) complexes.
Relatively thick films can be obtained if the samples
are originally covered with thick Cu20 in the presence
of enough Cl~ in acid solutions. The film thickness
depends on exposure time because of inevitable dispersion
of the Cu2+ ions produced in (6.5).

When there are no Cl ions present, films thickness
stays relatively low either because of elimination of
intermediate stage of CuCl formation, or because the
difference in complex structure, or both.

In a neutral solution in which according to
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Equation (6.,4) CuZO dissolution takes place through

formation of Cu+ in a very limited- amount and the
disproportionation reaction (Equation (6.5)) takes place
only at a negligible rate, the resulting complex

film will be very thin as is indeed ébserved to be the
case, Figure (6.12). The same is true when there is no
Cu20, i.e. cathodically reduced surfaces, where there is
also no cut?t ions in solution.

One important aspect of copper corrosion and its
interaction with BTA which must be taken into account is
the anodic dissolution of copper. This anodic process, as
will be discussed in Chapter 8 in detail, is not particularly
important in Cu-BTA film formation for short exposure of
less than % hour. For longer exposure times, i.e. when the
corrosion cell has been established, copper dissolves in
solution as Cu+, and in the presence of cl™, it forms
CuCl. The role of CuZO in the corrosion of copper is quite‘
important. If the copper is covered with a thick layer of
oxide, and as long as the oxide is stable, i.e. in near
neutral solutions, the rate of corrosion will be very small.
On the other hand, a clean copper surface exposed to high
concentration sodium chloride solution, even without
Cu++ ions present, undergoes a slow corrosion process.

This was observed particularly when the concentration of
NaCl is greater than 1 M. Copper treated this way,

is, after some time (say a couple of days), surrounded by
a white cloud of CuCl. In a small volume of electrolyte,
once thé solution is saturated with CuCl, it precipitates
(mainly onto the surface) and this affords some protection.
This decrcases the rate of Cu dissolution, although by

no mecans stops corrosion completely (see Chapter 8 for
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Copper active/passive transition in NaCl solutions).

6.3 Eé&@é_fezmgé_bz_§2§_9§_9é9295:§i§k§l_éléez§
Elemental copper has found small use in industry.

However, copper alloys such as copper-nickel or copper-zinc

(brass) alloys are widely used. So it is of interest

to study the effect of BTA on such alloys. The interaction

of BTA with copper-nickel alloys was studied in order to

investigate whether preferential interaction with oné

alloy constituent takes place. If both metals, i.e. Cu

and Ni, are responsible for film formation (if there is

any), one might expect to observe signals from both elements

in the ESCA spectrum of the film, Alloys of compositions

70Cu:30N1i, 55Cu:45Ni, and 30Cu:70Ni were chosen as typical

copper-nickel alloys for use in this part of the study.

6.3.1  Characterization of Cu/Ni alloy substrate

In order to study the interaction of inhibitor
with Cu/Ni alloys, it is important to study and characterize
the surface of the substrate in both clean and oxidized
form. Argon ion etching of these alloys produced relatively
clean surfaces in which the relative peak heights of Cu and
Ni in 2p region were close to their nominal bulk composition.
Figure 6.21 shows XPS spectra of Cu 2p3/2 and Ni 2p3/2
for 70Cu:30Ni (6.21(a)), 55Cu:45Ni (6.21(b)) and
30Cu:70Ni (6.21(c)). 1In this study, however, it is only the
relative intensities of peaks after being treated with BTA
which is of interest.

The oxidation behaviour of copper-nickel alloys has

been investigated previously by Castle (90). Castle in
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his first report concluded that at room temperature, the
oxide film on copper-nickel alloy is a nickel oxide.

The Cu spectrum (2p3/2) was shown to be due to copper metal
and the oxide layer on a copper nickel alloy is predominantly
nickel oxide. This conclusion was supported using CuLMM
Auger spectra to detect cuprous oxide formation, in Castle's
later reports (91, 92).

Results obtained in the present study using both XPS
and X-AES techniques were in full agreement with Castle's
findings. The spectra obtained for polished, oxidized samples
and those treated with BTA solution, showed a very sharply
rising background, with é large decrease in peaks intensities.
This sharply rising background has been observed by Castle
(90) and according to him this is a typical of alloys
surfaces which have not been prepared by evaporation or
argon ion stripping within the spectrometer itself.

Examination of the polished surfaces of Cu/Ni
alloys showed that the samples are predominantly covered
with Ni oxide after exposure to air for some time. The XPS
spectra of a 55Cu/45Ni alloy which was polished and argon
ion etched, then exposed to air for 3% hours, showed the
formation of nickel oxide by the appearance of a higher
binding energy shoulder at 856.2 eV on the Ni 2p3/2 peak,
as well as shake-up satellites which are associated with NiO
(93). Prolong exposure to the air (say 3 days) resulfed in
an increase in NiO thickness, while virtually no changes was
observed in copper state, evidenced from X-~-AES CuLMM
spectrum ,Figure 6.22(a) shows an XPS spectrum of a Cu55/Nid5
alloy, polished and argon ion etched in Ni 2p3/2 region,

Figure 6.23(a) shows the corresponding CuLMM Auger spectrum,
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Figures 6,22(b) and 6.23(b) show the result of exposure of
this sample to the air for 3%hours and Figure 6.22(c) and
6.23(c) show the result of 3 days exposure to air. While
there is hardly any change in CuLMM peak, a progressive
oxidation is evident from.the appearance of the Ni 2p3/2
spectra.

These results confirm that the predominant oxide
layer on the Cu/Ni alloys formed by oxidation in air at room
temperature is NiO. This was the case for ali three
compositions of alloys which were used in this study. The
thickness of NiO oxide stays low (within escape depth of Ni
photoelectron) at room temperature even after long exposure

to air (e.g. 24 hours). All binding energies are given in

Appendix B .,

6.3.2  Interaction of BTA with Cu/Ni Alloys

No attempt was made to investigate the behaviour
of alloys in acidic solutions of BTA because acid attacks
Ni while Cu remains unchanged, and this inevitably results
in great changes in surface compositions. This effect would
mask any preferential interaction and therefore samples were
treated at pH = 7. Polished and cleaned samples were immersed
in a solution of 0.02M BTA at pH~7 with 0.5M NaCl at 25°
for different period of times, then taken out, washed and
air dried. Samples treated with BTA solution showed a sharply
rising background in their ESCA spectra, with a drastic
decrease in peak intensities, which made it almost impossible
to obtain any reasonable Cu Auger spectrum, after the samples
were treated with BTA., However, since it is assumed that the
ratio of peak heights in 2p region is a reasonable estimate

of the surface compositions of the alloy constituents, the



177
Ni 2p3/2

)
-
. 1.
PUR
3 .
. . Py
. .
H o
. - iy
. LY M Sere g
H
. - A
. Py . b
. »
. s
. .., s ma -t d
e eI, .y
.« ¢ 0 . . T
- - . . .. &
", et o
- I S S
. R
. “ .
. * - .
J . «
e . . e _'.’.,
a s . N PN
- . A EACRARRT N
? . -
. . 5
« . ~
. ., i
- .. )
* 9 .. .
. \. “ -‘ ----- M - A
v . e \"- . .
o * . - . . .
M DN e - .
. el RO
Ve e e
N e
e e
. " .
.
. L
. - fl
- e »
., M
N
» . o
.
L4
. .
E - v .
'f - . - M
. Ve . .
- LT wtt o
e’ Fa . . .
b .. . K . . . .
, " s .
. . . 2 e Tt ’
- . . n N e et )
ot R N R o
. . .
. . e . - M .
. Wt ™~ R D
. . B
'. M - - " . " .
’ ' o
.
«
K
3
o
.
Ka
o

850 860 8?0

pinding  Energy { Election Voit)

Figure 6.22: XPS spectra of 55Cu:45Ni alloy in Ni 2p region

(a) polished and etched; (b) exposed to air

for 3% hours; (c) exposed to air for 3 days.

e e raan

g

vorT

vy

w1

T yrrT

R, AT P Lo A W

e = e

o —— - nan mans



178

o —
Cu LN (Auger)
D4
« %
.
» Y
%,
: e s
. S e
g N
”? AT s
s . IS YERTX s
4
o.'
J
.7
a et At e
LIS Y ‘-"
N i,
'n - N .
re’ LA R P
l..
. ’V
o AN SR C AN N
L X
N '-'. X
o M ..‘- e
. -."\- .
? o
: ¢ |...:--~’_‘-' e '-l". -s'~
l:
c ' mw-ﬁfﬂ
930 920 910
 W——— ! A S
Kinetic Energy (Electron Volt )

Figure 6.23:

T N T NV A PUYSIS. V)

XPS spectra of 55Cu:45Ni alloy in Cu 2p region

- n s e s s B e T Gt e RS e e et Gt S e e e et e v . v e e e v G G b e A o e e an = e v

- e e e G G me e T me m me e G e e e me e M St e v S v dt e e et e b e S e e . e

. e - - e e b . e me e - G . P me S ey " e v e - v v P me A S e A me - o ——

e e T3 A W Wt Gt © W T R e et Ny,



179
relative changes caused by treatment with the inhibitor
could be determined. Treatment.of the polished saméles
with BTA resulted in the formation of a Cu(I)-BTA complex
on the surface, while there was no evidence for the formation
of a nickel complex. Figure 6.24(a) shows the XPS spectrum
of an etched, clean 70Cu:30Ni sample in Ni and Cu 2p3/2
region, Figure 6.24(b) shows this sample before etching and
Figure 6.24(c) the same sample after being treated with BTA
for 5 minutes. The disappearance of Ni 2p3/2 peak from the
spectrum indicates thatthe alloy now has a surface which
consists largely of copper in the form of a Cu(I)-BTA
surface complex since the Cu Auger proved to be not particularly
informative, the presence of a Cu-BTA complex was inferred
by the presence of strong C 1ls and N 1ls peaks.

To check whether or not the same changes occur in a
similar solution without BTA, a sample was exposed to such a
solution for a long period of time (say 24 hours). Except
for minor changes in the NiO peak intensity and associated
shake-up satellites, no change took place and the Ni 2p3/2
peak was quite detectable., Therefore the changes described
above were due to BTA.

In the case of 30Cu:70Ni, the Ni 2p peak was observed
to be still strong after 5 minutes exposure to a similar BTA
solution. Figure 6.25(a) shows an XPS spectrum of an etched
sample in 2p region and 6.25(b) is the same sample before
being etched. Figure 6.25(c) showsthe same sample after
being treated with BTA solution for 5 minutes., This shows
that after 5 minutes exposure to the solution the surface
composition looks similar to that of the original polished

surface, Again, the C(1ls) and N(1ls) peaks indicated the
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presence of a BTA complex. However, after 16 hours BTA
treatment, the surface becomes similar to the 70Cu:30Ni
alloy treated for 5 minutes, being now almost completely
Cu(I) BTA (Figure 6.25(d)). Again no significant changes
were observed in the surface composition due to exposure

of the polished sample in a BTA-free solution for comparable
times.

In all these studies, the Cu(I)-BTA surface complex
rapidly oxidized to Cu(II), after removal from the solution
as was found for the BTA treated copper samples. The
explanation of the trace of Cu(II) in the spectra of Cu/Ni
samples treated with BTA is again oxidation during the finite
drying and transfer time.

The binding energies of the various peaks are given
in Appendix B, but they proved to be not particularly
informativé. The Cu 2p binding energies remain unchanged on
BTA treatment and so do those of Ni, i.e{ compared to Cu20
on copper and NiO. Nitrogen ls binding energies are the same
as for the treated copper samples.

Evidence for compound formation involving nickel
is slight since a study of pure nickel indicated that BTA &
only weakly interacts with Ni., The Cls and Nls photoelectron
peaks which were observed in the case of treated nickel were
quite weak in comparison with their relative strength in
the spectra of treated copper samples. The fact that'nickel
salts can form a complex with BTA, suggests that a Ni-BTA
complex could be formed on the surface. Despite this, the

above results show that there is no detectable nickel complex

formation,
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The Ni 2p3/2 binding energies for the treaFed copper- -
nickel alloys could not be determined accurately because of
the weak nature of the nickel peaks except for a very short
exposure times for the 30Cu:70Ni alloy, which is identical

to that of pure nickel.

6.3.3  Mechanism of Film Formation

Since it established that copper—nickel{alloys on
exposure to air, are covered with a NiO film with a thickness
not more than Ni photoelectron escape depth, and that the
surface film after being treated with BTA solution at pH~7
is a complex of Cu and BTA, the mechanism by which the complex
films are formed is either through diffusion of copper ions
through NiO film or dissolution of NiO,which leaves the
copper directly in contact with solution., The stability of
NiO at different pH is given by equation (6.7) (86):

+

Nio + 287 » nitt 4 H,0 ' (6.7)

logiNi*t*1 = 12.18 - 2pH
At pH = 7 [Ni'TT] = 1071-82M,  This figure indicates for a
sample of 1 cm2 surface area and in 1 litre of solution,
thousands of 8 of NiO surface film can dissolve. It is
clear that the second possibility for Cu-BTA film formation
of Cu/Ni alloys in which copper ions dissolve after dissolution
of the NiO film is the more likely mechanism. The mechanism
of Cu-BTA film formation would appear to be, (a) dissolution
of NiO; (b) dissolution of copper ions in solution; and
(c) precipitation of Cu(I) BTA complex on the surface, The

Cl 2p peaks were present in XPS spectra of BTA treated
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alloys when NaCl was added to the solution. Being very thin,
no attempt was made to determine stoichiometry of Cu-BTA
films on Cu/Ni allojs.

In order to study the behaviour of Cu:Ni alloys in
solution containing Cl~ and Cu2+ ions, samples were inserted
in a solution of 0,5M NaCl with addition of some Cu++ ions,
for different periods of time and the resultant surfaces
were examined by ESCA, This investigation showed that the
alloys behave in exactly the same manner as pure copper, .
with copper dissolving into the solution to form cuprous
chloride which then precipitates on the surface. Even
though the rate of copper dissolution is high, it is much less
than that of pure copper. Examination of the surfaces
showed that the samples treated this way are covered with thick
films of cuprous chloride, When BTA is present, very thick
CuZ-BTA-Cl complex films were obtained.

The results presented above show that on copper-nickel
alloys BTA acts as a corrosion inhibitor for this alloy by
forming a predominantly Cu(I)-BTA surface complex. The
mechanism by which this complex forms is identical to that
for pure copper, i.e. dissolution of copper and precipitation
of the complex on the surface. In case the sample is covered
with NiO (on exposure to air), the first reaction is
dissolution of NiO followed by the dissolution of copper and -

finally precipitation of the Cu(I)~BTA complex,.

6.4 Films Formed on Brass

The brass 70Cu:30Zn was chosen to investigate the

interaction of BTA with other copper alloys besides Cu-Ni

-

alloys. Brasses are Widely used in industry and 70Cu:30Zn
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is a typical example., This study was carriedlout to
investigate the films formed by BTA interaction and once again
as for the Cu-Ni alloys, to see whether preferential
interaction with one alloy constituent takes place,

The relative Cu and Zn 2p3/2 peak heights for
heavily argon ion etched samples correspond closely to the
nominal bulk composition as was the case for Cu/Ni alloys,
and should therefore give a reasonable estimate of the
relative surface composition.

The spectra of Cu and Zn in the 2p region from
brass samples treated with BTA for different periods of times,
showed that on exposure to BTA solution, although the copper
peak intensity increased relative to zinc, it is not as marked
as was the case for the copper-nickel alloys. Indeed,
it was found that even very long exposure times do not
result in a further decrease of the relative intensity of the
zinc signal. Fig. 6.26(a), shows an XPS spectrum of a polished
and etched brass sample, in the Cu and Zn 2p region.
Figure 6.26 (b) shows the same sample before being etched and
6.26(c) is after immersion in BTA solution at pH~7 with
0.5M NaCl for 20 hours. The presence of C(ls) and N(ls) peaks
indicated that there are some complex film formation.
The Cu(I)-BTA surface complex on brass, rapidly oxidized
to Cu(II), after removal from the solution as was the case for
copper or copper-nickel alloys. The reason for the trace of
Cu(II) in the spectra ofﬁzé;;gggstreated with BTA is
oxidation during the finite drying and transfer time, A
small peak between two sets of Cul2p and Zn2p peak is due to

the O KLL Auger transition. 1In this case also, a sharply
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rising background (although not as much as copper-nickel),
and a decrease in peak intensities, makes it difficult

to use the metal Auger peaks to determine the surface
chemistry. Nevertheless it was found possible to use this
method with a reasonable accuracy especially for short
exposure times (i.e. less than % hour).

Considering the above results, it is clear that
unlike nickel in Cu/Ni alloys, zinc is involved in the
surface complex in some way. In view of this, it seemed
logical to investigate the interaction of pure zinc with BTA
in order to find out whether a complex film is formed
on the surface.

Studies of pure zinc showed that BTA adsorbs
strongly onto the zinc surface. The XPS and X-AES spectra
of the treated samples showed that the Zn2p3/2 peak shifts
to a higher binding energy by 0.7 eV, even after a short
period of treatment with BTA (say five minutes) and the
ZnLMM Auger peak also showed a shift of about 0.8eV, to
the lower kinetic energy, compared to the ZnO Auger peak (94).
The solution prepared Zn-BTA complex, showed exagtly the same
characteristics for details of experimental see Appendix A .
Figure 6.27(a) shows an X-AES spectrum of a polished and
argon ion etched 7Zn sample. TFigure 6.27(b) and 6.27(c)
show the result of exposure of this sample to the air for .

10 minutes and % hour respectively. A progressive oxidation
has taken place which is evident by appearance and an increase
in its intensity of a peak on the lower kinetic energy side

of the main peak at 988.4 ke. This corresponds to ZnO (94)

30 seconds treatment of this sample with a solution of BTA,

results in Fig. 6.27(d) in which the X-AES peak is
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observed to be broadened at low kinetic energy due to
formation of a Zn-BTA complex. Presence of complex, was
also supported by observation of a N ls XPS peak and enhanced
C 1ls peak. Immersion of a sample in a solution of BTA
for longer time i,e. 5 minutes, results in formation of
relatively thick Zn-BTA complex which gives a sharp new peak at
987.2 eV kinetic energy, Fig. 6.27(e). It can now be seen
that the broadening evident in Fig. 6.27(d) is due to the
presence of the complex peak.
Above results show that the X-AES spectrum of Zn
is a reliable way to determine the involvement of Zn in
complexes with BTA., A study of the Auger spectra of Zn
and Cu X-AES spectra in Cu/Zn alloy after being treated with
BTA for a short period of time (say % hour) showed that again
in this case it is mainly copper which is responsible for the
film formation. Exposure time for more than % hour, results in
a large decrease in signal to noise ratio in which it is not
possible to obtain good quality Cu and Zn Auger spectran
Results obtained for Cu/Zn alloys also showed that
the oxidation behaviour of this alloy is different from that
of Cu/Ni alloys. Cu and Zn Auger spectra of oxidized samples
showed that both Cu and Zn undergo oxidation, Fig. 6.28(a)
and 6.29(a) show X-AES spectra of Zn and CuLMM Auger
transitions respectively of a polished and heavily argon ion
etched sample. Exposure of this sample to the air for %hour
results in spectra shown in Figures 6.28(b) and 6.29(b).
As is evident from these spectra, both Zn and Cu have
undergone an oxidation although the rate of the oxidation of
the Zn appears greater, judging by intensive peak due to ZnO

at 988.4 eV k.e. Treatment of these samples with BTA for



190

ey’
.
. -
.
.
. I o
..
. I ]
el ee” .
. .
. : . -
. -
. S
. e
* I
- -
AL T
- -~ . -
- . . o~ o -
% PO i PP
an *7y - - - ",-‘ .‘.
St
K . A .
A “
.-l
e
. A
- e .
- . LR «
o <
a R . o
g l
e
s
~
.
"
. "
s “
L - "
e e K
-
-
. - e . .
. - e et -
. . . . O IS W
. Lo
- -
s . .
o .
.
.o | .
- o)
e . l
e . e
. .
.ot . l . ¢
I . PR
~ - .
b & had . - v . . -
- .
°t : . Lt ot ‘.
_ ' SRR Werte,
. . . 0, .
- - -
. |
LY - ..
L v.t.'
. -
- o -
.
.
PR I )
C - o -
.
. s
I o .®
N

Zn LMM [Auger)

Kinetic Energy (Ejectron Volt )

Figure 6.28:

X-AES spectra of 70Cu:30Zn b¥ass (a) polished

W - - - - TR S G TS v e e e e Bt G meh B Gam e R e S e e S e G R e R G B S e W e e ?

v e e e e T e e e e e . e = e mm e e e am e M v ae e e e e = e



191

Cu LMM (Auger)
s
2.
N
B
.
. ' ..
N T
- 1 e
. [] LA TN ..'"
A ' . e
. N
. -—.— .\Q:'\
T = - '-
o a R g,
A A " A
. . -
\ .
B N
s .1 -
. ) 1 [
g P | L
R e . 1! PO
a O s NS
. 1 . Sy el
g 3 v )
- ."s_—...\ LA
- b - T2
hod N . :_-
R -1 o - - "
-, DAY . . LI
i R LI
- . -
..‘:. . : .o.. SN SR ..~--.
-t . 3
P M
S
b e . 1
i ; 1 . .
. ] . -
. ] o« to %
. ' e . et
. . .
, N LT .o . B X
. e e R ees "] .
.« o . v . . ~': C . . ¢ .
-~ ¢ D
: . .
. . o, .
IR . . .
PR AP | .
TR A S
c - - ". . .
- .
.
-
A
o..
.-
. o ee
.
.t
.o
* . TesLl
.. e .u
«" 3 . L) . -
- PRSI o
d . r "’ Yo,
et .
..' . .
'
930 920 910
L. L 1
]
Kinetic Energy (Electron Voit )

Figure 6,29: X-AES spectra of 70Cu:30Zn brass (a) polished

P e o e A G e et A e e e A A S e - G - - . o = - o



192

3 minutes results in Fig. 6.28(c) and 6.29(c), in which
formation of a Cu-BTA film is evident by the appearance of
considerable broadening at lower kinetic energy (see Fig. 6.27 )
The Zn Auger peak has change little so that the contribution
of Zn to the film formation must be very small. Exposure

to the BTA solution for % hour results in Fig. 6.28(d) and
6.29(d). The signals are becoming weak, but they are

still possible to observe, and the film mainly consists of

a Cu-BTA complex. However, the presence of zZn-BTA complex

is not evident from the zZn Auger peak which cannot be dis-
tinguished from zZnO. However a 0,5 eV shift in the Zn2p3/2

XPS peak is indicative of some zZn complex formation.

6.4.1 Mechanism of Film Formation

The stability of zZnO at different pH is given by

equation (6.8) (86).

zn0 + 207 = 20 + H,0, log [zn"T1=10.96 - 2pH
(6.8)
At pH = 7, [zn" 7] = 1073°9%M. This value shows that znoO

films of order of thousand & can readily be dissolved.

amburst g g4
Cuprous oxide dissolves in a much smaller yg¢e (10 "*~ M

)
which represents a value not more than few 2. 1In the presence
of BTA, copper ions precipitate as Cu-BTA complex on the
surface. The same mechanism is valid for formation of a
zn-BTA complex. When Cl~ is present (i.e. addition of NacCl),
a peak due to Cl2p in XPS spectrum of the treated surface

is detectable. 1In this case again like Cu/Ni case, because of

the very small thickness of these films, it is not possible

to determine the stoichiometry of the films.
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These results suggest that the mechanism of Cu(I)-BTA
film formation is basically the same as for pure copper.
Addition of cu'? ions in presence of Cl  once again represents
a highly corrosive media towards brass. Introducing BTA
in such a solution, slows down the corrosion process and

a very thick Cu-BTA complex film forms on the surface.

6.5 Films Formed From Non-Agueous Media

Adsorption from non-aqueous media was carried
out in order to investigate the possibility of complex film
formation from such media, using suitable solvents, such as
dry CH3Cl or benzene, etc., in which BTA is appreciably
soluble, Care was taken to use a dried-solvent to reduce
the effect of aqueous media as much as possible. These
experiments showed that although complex films form from
non-aqueous solutions on copper and its alloys, the thickness
of the film stays very low regardless of exposure time.
This can easily be explained by the model suggested for the
film formation mechanism. Since the mechanism is a
dissolution of copper followed by precipitation, and this can
not take place in a dry solvent, the film thickness as a
result stays low and is probably no more than a monolayer,
This also proved to be the case for copper-nickel alloys
treated with organic solutions of BTA. No matter how long
the sample is exposed to such solutions, the Ni2p3/2 peak
never disappears from the XPS spectrum, as is the case for
agqueous solution of BTA. These results strongly support the
mechanism of film formation in aqueous solution proposed in

Section (6.2.3).
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The major findings in this part of current'study
is as follows:

1. The corrosion inhibition properties of
benzotriazole are due to formation of a protective film

on the copper surface.

2. The nature of this film proved to be a
complex between copper and BTA. The surface film proved
to be a Cu(I) complex and identical to the complexes prepared

by precipitation from the solution.

3. Two different kinds of Cu(I)-BTA, were
identified. When the solution is free from Cl  as a small
amount of Cl~ is available, the complex has a stoichiometric
formula of one atom copper to one BTA molecule., In the
presence of large amount of Cl  ions, however, the complex

formed has a stoichiometric formula of Cu2Cl BTA.

4, Infrared spectroscopy of these complexes
showed that the hydrogen bonded to nitrogen in BTA molecule

is replaced by copper atoms.

5. The complexes proved to be sensitive to
atmospheric oxidation. The oxidation degrades the protective

film and the oxidized film could be washed or wiped off

easily.

6. The mechanism by which complexes are formed is
disproportionation of cuprous oxide to copper metal and cupric
ions. 1In the presence of chloride ions, the complex film
probably forms via an intermediape stage of CuCl formation.
The thickness of the film, in the case of sufficiently large

reservoir of inhibitor and chloride ions, depends upon
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concentration of cupric ions in the solution and hence
the thickness of Cu20 on the original surface. Artificially
addition of cu'’ jons in such a solution results in formation
of extremely thick films. Therefore, it is concluded that

the important factors affecting the film thickness are:

(a) pH of the solution; (b) thickness of the Cu20; (c)
and concentration of chloride ions.
7. Treatment of copper-nickel alloys and brass

with BTA solution showed that the predominant protective

film is a copper complex, hence the only copper is responsible
for film formation, particularly in the case of copper-nickel
alloys. 1In the case of pure zinc and brass, it was found

that BTA is capable of forming a complex of Zn-BTA on pure

zinc and to smaller extent on brass.
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CHAPTER_SEVEN

This chapter describes a study of films formed
on copper, brass, and copper-nickel alloys by the inter-
action of 2-mercaptobenzothiazole (MBT) with the relevant
surfaces, using X-ray induced photoelectron and Auger
electron spectroscopy (XPS and X-AES), together with
multiple reflection infrared spectroscopy. This study
was carried out primarily in order to compare the
behaviour of this inhibitor with that of BTA, in respect
of film formation and film structure. Other related
compounds such as 2-mercaptobenzimidazole (MBIA), have
also been used to clarify the Cu-MBT interaction.

The procedure for obtaining XPS and X-AES spectra
was identical to that used for BTA described in the
previous chapter. 1In this case again, two types of samples
were used, namely, those polished and those covered with
electrochemically grown Cu,0. Samples were immersed in
a saturated solution of MBT in a variety of conditions and
then the ESCA spectra were run. Since the solubility of
MBT is very small, saturated MBT solutions were used
throughout this study. The solutions were purged with
nitrogen and the temperature of the solution was kept at

ZSOC, using a thermostatic water bath.
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7.1 Structure of the Films
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Since it is established in the case of BTA, that
this inhibitor exercises its protection through formation
of a Cu(I)-BTA film, the objection of the present study
would be to establish the existence of a surface film on
copper samples after being treated with MBT solution,
the oxidation state of copper in the surface film, its
stoichiometry and finally its mechanism of formation.
Existence of a surface film was proved using XPS, X-AES

and infrared reflectance spectroscopy as for BTA.

7.1.1 Oxidation State of Copper in Surface Film

—— T it P St it B P B B ik P e PO S B S ——— e T S S et S B e S ey S S S e -

The photoelectron spectra of MBT treated copper
showed no major differences to untreated samples in
the Cul2p region despite prolong exposure to the treatment
solution., Figure 7.1(a) shows an XPS spectrum of a
polished and argon etched copper sample in Culp region.

Figure 7.1(b) shows an XPS spectrum of a Cu,0 sample and

2
7.1(c) shows the same sample after being treated with a
saturated solution of MBT containing 0.5 M. NaCl, at pH~3
for 40 hours. The existence of a surface film on the last
sample was proved by appearance of S 2p and N 1ls and
enhancement of C 1ls peak in XPS spectrum. X-AES spectrum

of this sample supported existence of a Cu-MBT film as

will be discussed later. The spectrum shown in Figure 7.1(c)
shows the nature of Cu in the film is either Cu(0) or

Cu(I) but no trace of Cu(II) is observed in the spectrum.

In fact, all samples treated with MBT solution in different

conditions, showed no cupric species in the XPS spectra.
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In all these spectra, shake--up satellites which are

characteristic of Cu(II) compounds were absent and binding

energy of Cu2p XPS peaks showed'values characteristic

of Cu(I) compounds. In addition no correlation was found

between the exposure time and the amount of CU(II) species,

which are absent in all cases from the MBT treated samples.
Although XPS spectra can differentiate easily

between Cu(I) (or Cu(0)) and Cu(II) compounds, it fails

to distinguish between Cu(0) and Cu(I) as discussed

in the previous chapter. In this case again, like BTA,

X-AES spectra showed major differences between metallic

copper, Cu(I) and the copper complex. Figure 7.2(a) shows

an X-AES spectrum of a polished and Argon ion etched copper

sample, Figure 7,2(b) shows X-AES spectrum of a Cu,O

2
sample and 7.2(c) shows the result of 10 minutes treatment
of this sample with MBT solution at pH~3. Appearance
of a new peak at 916.7eV k.e. is due to Cu-MBT surface
film and its kinetic energy is in the range of Cu(I) compounds
and not Cu(O) (see Appendix B ).

Thus, the immediate conclusion is that the Cu-MBT
surface film resulting from the interaction bf MBT with
copper sample is a Cu(I) compound which could be identified
directly using the X-AES method. The surface film is always
a Cu(I) compound regardless of conditions and exposure

time.

7.1.2 Stoichiometry of Cu-MBT Surface Films
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ESCA analysis of surface films grown "infinitely
thick" using Wagner (34) and Jgrgenssen (35) signal

intensity ratios showed that there is one copper atom to
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one BTA molecule in all cases (see Table 7.1). No
chlorine was detected even when films were formed in the
presence of high concentration 6f Cl™, in contrast with
BTA. Results from I.R. reflectance spectroscopy of these
films as will be discussed later, showed that hydrogen

in heteocyclic ring of MBT molecule is replaced with

copper. This suggests a formula of

Inertness to the most chemical solvents suggests that perhaps

the complex is not a salt but rather a "polymer".

7.1.3  Binding Energies of Surface Films

Binding energy measurements of S, N, and Cu based
on C 1ls at 285.0 eV for MBT, untreated copper samples,
and treated samples showed no major differences. Cu2p3/2
binding energies were measured to be 932.9 eV for both
treated and untreated samples. S 2p binding energies in
MBT and the surface film were found to be the same, having
a value of 164.1 ev. The only difference was observed was
between the N ls binding energies, which was measured to
be 399.8 eV for MBT and 400.1 eV for surface film. This
indicates C=S bond probably remains intact, on film
formation and replacement of H in -NH group of the MBT,
gives rise to a difference in binding energy of N 1ls,
All binding energies for different peaks are given in

Appendix B .



202
7.1.4 Air Oxidation of Cu-MBT Surface Films

The samples treated with MBT proved to be sensitive
to exposure to air, during which, oxidation of Cu(I) to
Cu(II) takes place, as was the case for BTA, However
it appeared that for MBT the films were less sensitive
to air, and it takes a longer time to reach a completely
oxidized surface, compared to BTA, Figure 7.1(c) shows
an XPS Cu2lp spectrum of a copper sample after being treated
for 40 hours with MBT. X-AES spectrum of this sample showed
that it is covered with a Cu-MBT complex. Exposure of this
sample to air for 48 hours results in the formation of
some cupric compound on the surface as is evident by the
appearance of a shoulder on the main peak at higher binding
energy and also the appearance of shake-up satellites.
Figure 7.1(d). Exposure to air for 5 days resulted in an
increased intensity of the cupric peaks, Figure 7.1(c).

No change was observed in the other peaks except for
S2p XPS spectrum due to atmospheric oxidation. Figure
7.3(a) shows an XPS spectrum of the S 2p for MBT (binding
energy 1is corrected for charging effects). The slight
assymmetry exists in this peak could be due to two different
S groups. Figure 7.3(b) exhibits the S 2p spectrum of
the above copper sample, which was treated with MBT for
40 hours. ©Next the sample was exposed to air for 48 hours.
Figure 7.3(c) shows the result of this exposure, the main
change being the appearance of a shoulder on the higher
binding energy side of the main peak. Figure 7.1(d) shows
the XPS spectrum of Cul2p of this sample at the same stage
of oxidation, Finally 5 days exposure to air results in

an increased intensity of this shoulder up to almost 1/3

of the main peak (Figure 7.3(d)). Prolong exposure to air
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does not result in any further increase in the intensity

of this peak. It was found that the relative intensity

of this new peak never increaseé beyond 1/3 of the main
peak whereas almost all Cu within escape depth of the Cu
photoelectron was oxidized. The reproducibility of these
results indicates that the difference in S 2p peaks
intensities is a true reflection of surface chemistry

and not because of S electron éscapedepth. In view of
this, it can be safely concluded that only one atom sulphur

out of four undergoes oxidation.

7.1.5 Oxidation of Chemically Prepared Cu-MBT Complexes

—— T e e P s Ty e Py P it Gt it o T oy B e st et Y T e S e P e it s T T - (T T s e et Ut s Gt Ty T

Solution prepared Cu(I)-MBT complexes from a
solution of copper(I) salt with addition of MBT solution,
were examined to determine the binding energies, stoichio-
metry and the behaviour of these complexes with respect
to air oxidation., The complexes proved to be identical
to surface films in every respect. ESCA quantitative
analysis of Cu(I)-MBT complexes showed a stoichiometric
ratio of one atom copper to one molecule of MBT as was the
case for surface films (see Table 7,1 for ESCA and
also chemical analysis).

Interestingly, the complexes prepared from cupric
salts and MBT, showed XPS spectra characteristic of cuprous
compounds. XPS spectra of complexes prepared from Cu(II)
salts were identical to those prepared from Cu(I). This
is not a unique property of MBT, since there are other
organic compounds, such as triethylamine, which exhibit
the same behaviour. It has been reported (96) that tri-
ethylamine forms a 1l:1 complex with copper(I) salts, while

at -45°¢ cupric salts form a yellow green complex CuCl, 2Et_N

2 3



Element Sensitivity Peak heights Ratio Chemical RO Chemical
Peak Heights (found) for 1 atom) Analysis Analysis
Cu (calculated) (found)
C 0.27 14.7 6.2 36.5 36.7
32
N 0.4 7 0.99 6.0 5.4
64
H - - - 1.7 1.9
¢ >
Cu(I) 3 13.3 ez ] 27.7 26.9
16
S 0.35 12.4 1,99 27.8 -
' 64
Table7.1: ESCA and Chemical Analysis of Cu(I)~MBT complex.

*
- A1l values of sensitivities are given by Jgrgensen (35)
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which, on warming to OOC, undergoes an internal electron
transfer to give CuCl NEt3.

Similar reaction must take place immediately
after formation of a Cu(II)~-MBT complex, since it transforms
to a Cu(I)-MBT complex as demonstrated by its XPS spectra
(Figure 7.4).

Solutions prepared Cu(I)-MBT complexes undergo
oxidation on exposure to air. However it takes much
longer for complete oxidation than the BTA case (about
20 days). Again it was shown in this case that only one
sulphur out of four undergoes oxidation. Figure 7.5(a)
and 7.6 (a) show XpS spectra of Cu and S 2p of a Cu(I)-MBT
complex before oxidation and Figure 7.5(b) and 7.6 (b)
shows the same sample after being exposed to air for 20 days.
Prolong exposure to air did not result in any change in
the ratio of two sulfur peaks. These sulfur peaks are
very useful in clarifying the structure of Cu-MBT complexes,

as will be discussed later in detail.

7.1.6  I.R. Reflectance Spectroscopy of the Cu-MBT Films
An I.R. absorption spectrum of solid MBT was

obtained using a K Br pellet. Fig. 7.7(a) shows a typical

spectra. The spectrum shows a broad, multipeaked band

between 2500-3450 cm—l. This arises from the N-H and

C-H stretching vibrations. The stretching vibration of

C-H band appears as a weak band near 3000 cmnl. Most of

the bands between 800-2000 crn-l are due to the heterocyclic

ring and those around 750 cm-1 probably arise from out-of-

plane C-H vibrations in the aromatic ring.



208

ess®
.

Hi=

9:10 9:.50 960
I

Binding Energy( Electron Vort )

Figure 7.5:

~.

——

S

o~



Figure 7.6:

155 165
]

]
TR AP S s RSV L Al S h e e B

S 2p
a o
b ,

Binding Encrav { Eleetron Voit)

by

A ]

209

XPS spectra of Cu(I)-MBT complex;

(a) Before

atmospheric oxidation,

(b) after oxidation,

ot ot S ot ot v ————



210
No evidence is found foran S-H stretching

1

band which would be expected to appear at about 2500 cm
MBT is not an exceptional case in this respect. Many
similar molecules show very weak bands due to the S-H
vibrations. For instance, 2-mercaptobenzoxazole, 5-chloro-
2-mercaptobenzothiazole, énd 2-ethoxy-2-mercaptobenzothiazole
show no band due to S-H vibration and 2-mercaptobenzimidazole
shows a very weak band around 2500 cm ' due to S-H

stretching vibration.

Tamura and Co-workers (97) have investigated the
adsorption from aqueous solution of 2-mercaptobenzothiazole
onto silver bromide. This compound and other similar
materials have important stabilizing properties on photo-
graphic emulsions, and infrared spectroscopy was applied
in an attempt to determine the modes of adsorption onto
silver halide surfaces. According to these workers (97),
infrared spectroscopyreveals that compounds such as this

exist in the thio-lactam form;
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This is shown by the appearance of an adsorption band
arising from the stretching of an NH group at about-
31000 cm™ ' for the solid and at about 3400 cm™ ! for
solutions in organic solvents., No S-H stretching band
was observed.

When a solution containing silver ions was added
to an aqueous solution of 2-mercaptobenzothiazole, a
precipitate of silver-mercaptobenzothiazole was obtained,
It was shown that the NH stretching band in the spectrum
disappeared with the formation cf the silver salt. Other
chénges occurred in the spectral region between 1600-1400

-1
cm .

Adsorption onto silver jiodide of similar molecules,
3-mercapto-4-methyl-5-ethyl- 2,4-triazole(a) and
2-mercapto-thiazoline (b) has been reported by Little &
Ottewill (98). The spectra showed that these compounds
existed as the thiolactam form, since bands attributable

to SH groups were missing, while other bands appeared

which were associated with NH groups.

N=C-C_H N=C-C,H

N N - CH M N N - CH (a)
\ 3 3
\Y4 H/ \C/
Sl I
H
Hz? - $H2 Hzf -‘?Hz
N S > N S (b)
\ 7/ s \./ '
c H
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The infrared spectrum of the silver salts of these
compounds showed that the hydrogen was replacéd from the
NH group by the silver in forming the salt. This was
shown conclusively by the disappearance of the NH stretching
band at 3140 cm T.

The same behaviour was observed in the case of
copper salts in the present study. Complexes prepared
from a solution of MBT and a Cu salt, showed the disappearance
of N-H vibration stretching bands in the I.R. spectrum,
Apparently, the hydrogens in these groups are replaced
by Cu, Figure 7.7(b) shows an I.R, spectrum of Cu-MBT
complex in K Br,

The spectra of Cu-MBT films formed on the copper
sample after being treated with MBT solutions, closely
resembled that of the Cu-MBT complex prepared by precipi-
tation from solutions, 1In this case also, N-H stretching
is absent from I.R. spectrum, showing the replacement
of hydrogen by copper. Figure 7.7(c) shows an I.R,
reflectance spectrum of a sample treated with a saturated
MBT solution at pH~3 with 0.5M NaCl.

The reaction of related compounds such as benzo-
thiazole, benzimidazole and its mercapto derivative with
copper, showed the same behaviour. I.R. spectra.of the
complexes showed that in all cases, N-H stretching is

absent from the spectra. I.R., spectrum of 2-mercapto-

or

N
benzimidazole with structure formula of [:j/'§>—SH
N
(I)
H

showed a small absorption due to the S-H
N (I1)
H vibration, which favours structure (II),

It is interesting to know that in reaction with copper,
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both hydrogens are replaced by Cu and no absorption band
due to N-H (or possibly SH) was observed. Quantitative
analysis by ESCA supported this replacement and showed
there are two atoms of copper for one 2-MBIA molecule.

All I.R. spectra of these compounds and of their complexes

with copper are in Appendix D,

7.1.7  Structure of Cu-MBT Complex

The results obtaining from the oxidation of a Cu(I),
MBT complex in air, Figure 7.6 (a,b) showed that only one
atom sulfur out of four undergoes oxidation. Since there
are two sulfur atoms in a MBT molecule, this suggests
a dimeric structure for the complex after being oxidized.

However these results do not reveal which of the two sulfur

atoms in the MBT molecule (shown below (I)), undergoes

oxidation.

N

“N\ N\
@\ /C—SH @\ /C—SH

S N
H

(I) (IT)

A similar compound 2-mercaptobenzimidazole (MBIA) in which
the S atom in the heterocyclic ring is replaced by N,

was used to clarify the oxidation situation, Cu-MBIA
complexes were prepared and then exposed tc air for a

few months, At certain intervals, the sample was examined
by XPS. TFigure 7.8(a-c) shows the progressive oxidation

of this sample using the XPS spectra in S 2p region, to
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monitor the oxidation process. In this case, the intensity

of the oxidized sulfur grows to an intensity dlmost equal

to the unoxidized peak. This indicates that one out of

the two atoms of sulfur has undergone oxidation. Prolong

exposure to air does not result in ahy change in this ratio.
These results support the suggestions of a

dimerization oxidation for both thesé complexes. Moreover,

an important conclusion can be drawn from these results,

That is to say that the S atom in the heterocyclic ring of

the MBT molecule, remains intact on complex formation

with Cu and after atmospheric oxidation. This is evident,

when this S atom is eliminated as in MBIA, and subsequently

this molecule reacts with copper. Quantitative ESCA

measurements of the Cu-MBT complex dictate a stoichiometric

formula of 1 Cu to 1 MBT. Thus, in order to satisfy

the other results mentioned above, an oxidation-dimerization

of Cu-MBT complex is proposed in which a copper atom

is eliminated from the complex by the action of 0,, and

two molecules of MBT subsequently form a dimerized molecule

with structure of R-S-S-R where this compound in its_.turn

0
+
can undergo oxidation to form either R—%—E—R oxr R—S—%—R,
0O O 0
This oxidation process will be discussed later.

Oxidation and dimerization of organo-copper compounds
have been investigated by Kauffmann et al (99). According
to these investigators acetylenes can be dimerized by
oxidizing their copper(I) compounds with oxygen. They also
found that cyclic amines, imines and amidines, can be
dimerized from their Cu(I) compounds on the reaction with

oxygen. The amines were converted by phenyl-lithium into
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the lithium amides, which on reaction at 20°C with one

molar equivalent of CuCl, gave colourless Cu(I) compound (1).
These suspensions became dark brown when oxygen is passed
into them (1 h) and the reaction was lead to a hydrazine
derivation of type (2) with eliminafion of copper from

the molecule:

0O
/TN . CuCl / \ 2 / \ / \
X N Li — X N Cu —— X /N - N ,X (7.1)
(L) (2)
where

X =0 o0or X = CH2.
Oxidation and dimerization of imines and amidines
are similar to the reaction of amines, as are evident

from equations (7.2) and (7.3).

R CuCl R 0] R R
~ ~— 2 N ~
C =N Mg Br — C=NCu —— C=N=N=C

(7.2)
where R = R' = C2H5 or C6H5
A0, cucl P o,
C.H--C,h © N —> C_ H -Clo-—m—mmmme Cu —=
65 \NH 65 \\NH
NH —HN N~——-N
o, / \ \
—_— CGHS—Q\ ,E—CGHS 2 CGHS—C /—C6H5
NH HN NH H
2 2
(3) (4)
cu NI
65 NN CGII5

(5) H
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Dimerization of copper compound in this case
results in formation of compound (3) or (4) which rapidly
loses NH, to form a triazole of type (5).

There are many more exmaples of oxidation-dimeri-
zation reaction (88), in which dimerization can take
place through bond formation between C-C or N-N or S-S,
Dimerization of MBT and also BMIA is through S-S bond
formation with elimination of Cu from the molecule,
Also there are reports (1l00) in which oxidative dimerization
of MBT by oxidation agents such as H202 has been investigated.
Ermakov et al (100) has shown that 30 minutes treatment
of MBT in a Me,CHOH solution at 60°C with 5-10% H,0

2
resulted in formation of a dimerized MBT with formula

It is interesting to note that a dimerized MBT,
loses its ability to form a Cu complex. A purified dimerized
MBT solution was added to a solution of copper salt, no
complex formation was observed. Also no film formed on
the copper samples treated with this compound.

The dimerized inhibitor, as stated already, can
undergo oxidation, and this is the case for MBT and MBIA.
Study of the S 2p XPS spectra of S groups in these
compounds before and after oxidation and comparing them
with Cu spectra showed that there is no correlation
between the rate of the oxidation of S and Cu (compare

Figures 7.5(a) and 7.6(a)). This is what one would
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expect, because oxidation of copper takes place with
dimerization, then S undergoes oxidation. The dimerized
compound can be regarded as R-S-S-R., Clearly two
possible structures could be suggested for the oxidation

of the sulfur atoms

00 0
+ o4 4
R-S-S-R or R-S-S-R
¥
0
(1) (11)

Axelson and co-workers (101) using ESCA, studied the
oxidation products of different disulfides, and reported
that the oxidation of these compounds, to give either
(I) or (II), would yield different spectra. In fact,
structure (II) was confirmed. A shift of about 4.0 eV
was reported as due to the oxidation of the S atom.

(see also Chapter 4 for detail),

This is also the case for the oxidized Cu-MBT
complex. There are four S atoms in the complex and the
two mercapto--S atoms (after forming a bond), undergo
oxidation and as a result, one of them reacts with two
atoms of oxygen. In other words, one out of four S atoms
oxidizes, The binding energy of this oxidized S shifts
towards the higher binding energy by as much as 4.8 eV
(see Appendix 1). The same is true in MBIA case.

To determine the properties of the surface films
resulting from air oxidation of Cu(I) complexes, thick
Cu(I) MBT films were grown on the surfaces and then exposed
to air for a long period of time (say 5 days). This

showed that, as in the case of BTA, these Cu(II) films
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only form on the top of the Cu(I) films and can easily be
wiped or washed off. Figure 7.9(a) and 7.10(a) |
show the XPS spectrum of Cu2p and S 2p of an oxidized
surface film, and Figure 7.9(b) and 7.10(b) show the

same sample after being washed with water. Apparently

the amount of Cu(II) and éxidized sulfur is reduced to
very small quantities., TIf the sample is exposed to air
again, the under layer Cu(I)-MBT is now directly exposed
to air and can undergo further oxidation., Figure 7.9 (a)
and 7.10(c) show the result.

Identical results were obtained for the oxidized
surface when the outer layer is wiped off with a dry
tissue,. Figure 7.11(a) and 7.12(a) show the XPS spectra
of an oxidized complex film on a copper sample in Cu and
S 2p region. Figure 7.11(b) and 7.12(b) show the result
of wiping-this sample. On exposure to air the under layer
Cu(I) complex, undergoes oxidation as is evident by
reference to Figure 7.11(c) and 7.12(c).

These results are consistent with the oxidative-
dimerization mechanism explained earlier, in which two
molecules of inhibitor in the complex form a dimerized
molecule, while Cu is eliminated from the molecule, and
oxidizes to CuO. This process naturally takes place at
the top of the film at the film-air interface. The
thickness of this film even after a long exposure to air
does not quite exceed the escape depth of Cu photoelectron
(see Figure 7.1 and 7.5) and protects the under layer from
being oxidized to some extent. On immersion in an aqueous

solution (washing sclution at pH~7) both dimerized inhibitor
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and CuO dissolve and leave a Cu(lI)-~inhibitor complex
under layer.  Solubility of CuO can be obtained from

equation (7.1) according to Pourbaix (86)

cuo + 218t 2 cut o+ H.0, Logfcutt1 = 7.89 - 2pH

(7.1)
Therefore, at pH = 7,

rcutty = 107011y,

This figure shows that at least one thousand R of cuo
£film from a 1 cm2 sample immersed in 1 litre puré water
can dissolve, This shows that a pre~treated sample which
is exposed to air frequently, will lose its protection
soon, if the protective Cu(I)-inhibitor complex film is

not repaired,

7.1.8 O 1s XPS Spectra of Cu-MBT Complex Films

An oxygen ls peak in the XPS spectra of the Cu-MBT
complex is always present. Since this peak could be due
to oxygen or water adsorbed onto the surface and not
associated with the complex molecule, attempts were made
to remove thin layers from the top of the complex films
to examine the inner layers. Argon ion bombardment of
the surface for a short time, using the lowest possible
energy (i.e. 1 kv and 8pA for 30 seconds), resulted in the
removal of a thin layer. This reduced the S 2p, Cls, Nls
and Ols peaks at the similar rate. The persistence of the
Ols peak in these spectra, and the reproducibility of.the

results suggests that H20 is infact involved in the surface

film. Figure 7.13(a) shows an XPS spectra of copper sample
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converted with Cu-MBT complex and Figure 7.1l1(b-e)

show the sample after being etched by argon ions for

different periods of time.

The results obtained by removing a thin layer from
the top of a surface Cu-MBT film and examination under layer
were identical to that of BTA. When a sample was treated
with MBT solution at pH less than 3, no different under
layer structure was formed. Figure 7.14(a) shows an X-AES
spectrum of copper sample in CulLMM region, which is
covered with a thick film formed in MBT solution at pH~3,
Figure 7.14(b) and 7.14(c) show the result of removing
a layer from the top by argon ion bombardment. Clearly
there is no indication of any under layer from the
appearance of a peak due to metallic Cu only.

In this case again, like BTA, the only time
a distinct under layer could be detected was when a sample
was treated with MBT solution at pH~7. Figure 7;15(a)
shows an X--AES spectrum of a Cu20 sample and Figure 7,15(b)
and 7.15(c) show the spectrum of the sample sample exposed
to this film is extremely thin when formed at these
conditions. This film was then removed by argon ion
bombardment, which left a Cu,0 underlayer (Figure 7.15(4)).
Further bombardment of the surface resulted in removal

of Cu20 from the surface (Figure 7.15(e-f)).
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7.2 Mechanism of the Film Formation

Study of films thicknesses formed under different
conditions showed that the factors affecting the f£ilm
thickness are the same as the BTA case. These factors,
are; (a) the pH of the solution; (b) original Cu20
film thickness; (c) presence or absence of chloride ions.
Since the mechanism of film formation appears to be
identical to that of BTA formed films which was described
previously, this will not be discussed in detail. However,
a few examples of film formation in different conditions
are given.,

Cuprous oxide is a determining factor in film
thickness providing that the MBT solution is slightly
acidic (pH~3) and chloride ions are present. Figure 7.16(a)
shows an X-AES spectrum of a Cu20 sample and Figure 7.16(b)
shows the result of the treatment of this sample with a
solution of MBT at pH~3 for 30 seconds. No, or very little,
film formation has taken place after 30 seconds but all
Cuzo has dissolved. A two minute exposure of an identical
sample to this solution results in formation of complex
film evident from appearance of a new peak Figure 7.16(c).
Figure 7.16(d) shows the result of a six minute treatment,
in which the growing intensity of the new péak indicates
the thickening of the film. Finally Figure 7.16(e) shows
the result of a twenty minute exposure to MBT solution in
which the film grows to an appreciable thickness which
masks the signal from under layer metallic copper, results

in a single peak due to Cu-MBT film.
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In the absence of any CuZO, film thickness stays
extremely low as was the case for BTA, Figure 7.17(a)
shows an X-AES spectrum of the surface of a copper sample
after being cathodically reduced followed by inhibitor
injection (see Appendix A for details of experiment). The
sample then was left eprsed to this solution for twenty
minutes. A very thir film is formed which is evident
from intensive metallic peak. A Cu,0 sample was exposed
to the same solution for the same amount of time for the
purpose of comparison Figure 7.17(b) shows the result,

When the solution is at pH~7, the film thickness
stays low despite the prolong exposure to the solﬁtion.
Figure 7.18(a), (b) and (c) shows the result of a Cu20
sample (7.18(a)) exposed to MBT solution at pH~7 for
10 hours (7.18(b)) and 48 hours (7.18(c)).

If the sample is covered with a thin Cu20 film
(air-formed), on exposure to the MBT solution at pH 7
the film thickness stays low evident from Figure 7.19(a),
(b) and (c). Figure 7.19(a) shows a polished copper sample
exposed to air for % hour and then exposed to MBT solution
at pH~7 for fourty minutes. Figure 7.19(b). Figure 7.19(c)
shows an identical sample exposed to such a solution for
1% hours. Clearly a complex is formed in this case but
the thickness is still low because even after 1% hours
the peaks due to Cu and Cu20 can be detected.

Finally, polished copper samples with air~formed
oxide (Figure 7.20(a)) were exposed to a MBT solution at
pH~3 for five minutes (7.20(b)), for 10 minutes (7.20(c))

for % hour (7.20(d)) and for 40 minutes (7.20(e)). Again
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it is clear that, although the film formation is
instantaneous, it will stay low in thickness even after
40 minutes exposure to MBT solﬁtion.

These results indicate that the only time the
film thickness grows to hundreds of 2 in a relatively
short time, is when a thick Cu20 covered sample is treated
with MBT solution at pH~3 containing C1~ ions. This is
because according to equation (6.1) (pagels4), dis-
proportionation of Cuzo takes place first and then after
an intermediate stage of CuCl formation, Cu(I) MBT
forms and precipitates onto the surface, in an identical
manner to the BTA case. So the overall reactions after
disproportionation will be:

Caq.)

2+ (aq.) —— 2Cu(I)-MBT

Cu (ag.)

+ Cu + 2MBT

() (s)

(7.4)

In this case also, by adding Cu2+ ion artificially and
in the presence of Cl~, extremely thick films can be
obtained.

Because of the low solubility éf MBT, these processes
i.e. disproportionation and film formation, are quite
distinct and independent as is clear from Figure 7.16(a-e).
This figure has been explained already, but comparison
of Figure 7.,16(a) and 7.16(b) shows two distinct stages.

A very intense metallic peak in this spectra
and the lack of any other peaks, indicates that the dis-
proportionation reaction takes place almost instantaneously
after the sample has been introduced into the solution,

Figure 7,16 (c) shows the X-AES spectrum of a similar sample
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after 10 minutes treatment. At this stage, the formation
of a complex film is evident by the appearance of a new
peak at 916.7 eV k.e., The intensity of this peak increases
with exposure time to MBT solution. Figure 7.16(d) and
7.16(e). It is quite clear now, thatthe model suggested
for the Cu-BTA sysﬁem is applicable to other Cu-inhibitor

systems such as Cu-MBT,

7.3 Films formed on COEEer-based Allozg

O — s G e Ty T ot . e e . S e S . S ——— e e oy — ke ma

The interaction of a 2-mercapto-benzothiazole
on copper-nickel and brass alloys was studied in order
to compare the inhibitive properties of MBT with that
of BTA.

Alloys with composition, 70Cu:30Ni, 30Cu:70Ni,
and 70Cu:30Zn were chosen as in the case of BTA. Once
again, it was assumed that the ratio of peak heights,
in 2p region is a reasonable estimate of the relative
surface concentrations of the alloy constituents,
However, it is only the relative changes after treatment
with inhibitors that are of interest.

Samples were treated with MBT solution at pH~7
in O0.5M NaCl. Copper-nickel alloys showed the same
behaviour as for BTA. The XPS spectra of copper-nickel
samples treated with MBT showed no peaks due to Ni 2p,
This was the result of relatively short periods of
treatment for 70Cu:30Ni (e.g. 5 minutes) and for
30Cu:70Ni about 16 hours. |

In order to make sure that this was an effect of
the inhibitor, samples were exposed to identical solutions

in the absence of any inhibitor for comparable times.
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The behaviour described above does not occur in inhibitor
-free solution, Figure 21(a) shows an XPS spectrum of
a 70Cu:30Ni alloy after Argon ion etching : (21 (b))
a polished sample and (21(c)) the same sample exposed
to MBT solution for 5 minutes. Figure 22(a) shows
an XPS spectrum of a 30Cu:70Ni after being etched with
Argon ions and (22(b)) shows the same sample polished
before etching. Treatment of this sample MBT solution
for 16 hours results in the disappearance of the Ni2p
peaks. These results indicate the formation of a
copper-MBT complex with little or no contribution from
Ni. This also shows that the interaction of Cu/Ni
alloys with MBT is identical to that of BTA. This is
not the case for brass.

Figure 23(a) shows an XPS spectrum of a 70Cu:30Zn
brass after being etched with Ar ions. Figure 23(b)
shows the same sampie before being etched, and the XPS
spectrum of this sample exposed to MBT solution for
16 hours is shown in Figure 23(c). Apparently the Zn2p3/2
peak has almost disappeared from the spectrum. This
shows that, in contrast to BTA, in the treatment of brass
with MBT, the only metal responsible for film formation
is copper.

In all these studies, it has been shown that
Cu-MBT complex films formed on the samples are sensitive“
to alr oxidation, although the rate of oxidation is much
slower than for Cu-BTA complexes. The binding energies

of the various peaks are given in Binding Energies

Table App.B.
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7.4 Films Formed From Non-Aqueous Media

Adsorption from non-aqueous media was carried
out using suitable solvents such as dry benzene and
toluene. These experiments showed that although complex
films forms in non-aqueous solutions, the thickness
of these films stays very low (probably a monolayer),
regardless of prolonged exposure time. This is the
case for copper-based alloys. Treatment of these alloys
with a non-aqueous solution of MBT did not result in

thick film formation.

7.5 Summary

1. The present study showed that the mechanism
of film formation by 2-mercaptobenzothiazole on copper
is essentially similar to that of benzotriazole. That
is to say, an adherent complex film is formed on the
surface of the metal to be protected resulted from
interaction of MBT with copper. This film is responsible
for protection of metallic copper substrate.

2. Surface gompléxes proved to be identical
to those prepared from the solution.

3. In the case of Cu~II-MBT complex, it is
shown that because of an internal electron transfer, it
is not possible to obtain this complex at ordinary
conditions. This complex transforms to a Cu(I)-MBT complex,
identical to Cu(I)-MBT complexes prepared from cuprous
salts.

4, All Cu(I)-MBT complexes proved to be
sensitive to atmospheric oxidation. This oxidation

followed by dimerization reaction, results in decomposition
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and degradation of the protective surface films, The
resultant dimerized inhibitor and Cu0 have no longer

good protective properties and could be wiped or

washed away. Dimerization reaction takes place through
-S—-S- bond formation. The dimerized compound of R-S-S-R,
in its turn, on exposure to air, undergoes oxidation,

forming

5. Finally, the present work on both BTA, MBT
and some other relative compounds, shows that the ESCA
technique, i.e., XPS together with X-AES, is a very
powerful method for the studying of corrosion inhibition.
The technique has also been of great value in the

interpretation of electrochemical polarization measurements.
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ESCA and I.R, investigation of the effect of
corrosion inhibitors on copper surfaces showed that these
compounds exercise their effect through formation of a
protective surface film, the nature of which properties
and its mechanism of formation have been discussed.
However , these techniques are unable to differentiate
between the effectiveness of such films from the corrosion
inhibition point of view. Thus, electrochemical measure-
ments are important and have been used extensively by
many workers (46, 51, 71). Unfortunately, it is not
easy always to obtain meaningful and reproducible results
in such measurements because of too many factors
affecting the measurements. This is perhaps the reason
for the Cu-H,0~Cl system in the presence and absence of
inhibitors being subjected to considerable investigations.
In view of this, and also to compare inhibition properties
of BTA, MBT and some other relevant compounds, a thorough

investigation seemed necessary.

8.1 Cathodic and Anodic Polarization of Copper in

- — ———— o — o — T s S G e B T A St S G e T T T e S G P st e A s i b v e e G A o —

Brine Solutions

Copper electrodes were prepared for this part of
study using an epoxy resin (Araldite) to cover most of
the electrode. Only one surface of the electrode was

exposed to the solution. Electrodes, after being abraded

on emery papers with different sizes, were polished with
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diamond pastes, with the last one being lu. The ele;trode
after being washed was introduced into a diluted nitric
acid solution for a short period of time (say 30 seconds),
followed by washing with distilled water. Treatment of
the electrodes with nitric acid solution has been
recommended by several workers (36, 67). A test was also
made to see if treatment with HNO3 solution leaves any
residue on the surface. ESCA examination of the surface
treated in this way, revealed no residue remained due to
HNO3 treatment. A platinum auxiliary electrode was used
and the electrochemical cell was enclosed in a thermo-
static bath., For details of the cell design see éhapter 5.
A saturated calomel electrode was used as a reference

electrode and triply distilled water was used to prepare

electrolytes,

Copper electrodes prepared for this study were
exposed to the solution prior to measurement for 15 hours.
Thistime was fixed throughout these measurements.
Potentials moved towards more noble potentials starting
from extreme cathodic potential (i.e. -0.7V). Experi-
mentation with the range of potentials used indicated that
-0.7 to + 0,3 contains all the.relevant data,

Figure (1) shows a typical polarization curve ofv
copper in aerated, 0.1M NACl solution cbtained with
a scanning speed of 0,05 mV/sec., It is clear from
Figure (1) that in the cathodic part for overpotential

values smaller than 0.3V, the voltage is linearly related
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to the log of the current density (Tafel region), TFor
overpotential greater than this diffusion control ‘occurs
as will be discussed later. |

If there are twvor more cathodic processes
taking place simultaneously, normally no linear part in
the cathodic polarization curve is to be found. The
existence of a Tafel region in this part indicates
that there is one pre-dominant cathodic process. This
predominant cathodic process appeared to be oxygen
reduction which has also been suggested by other workers
(69, 71). 1If the oxygen is removed from the solutionthe
Tafel line disappears and the corrosion potential moves
towards more negative potentials by as much as 0,25V,
The corresponding current density values for cathodic
overpotentials in this case is substantially less than
the case when oxygen is present. Fig. 8. 2(a) shows
polarization curve of copper in a 0.5M NaCl solution and
Fig. 8.2(b) shows a polarization curve for a similar
electrode in a similar but deaerated solution. The
solution was deaerated by purging nitrogen at 95—980C
for 15 minutes followed by continuous purging at room
temperature for 15 hours. Bubbling air through the
solution has a reverse effect, i,e. corrosion potential
moves towards positive (noble) direction. The oxygen
reduction reaction takes place via. the diffusion of
oxydgen molecules to the surface followed by oxygen
adsorption., The O2 reduction takes place according to

Equation (8.1) in neutral or basic solutions.
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o, + 2H,0 + de = 40R™ (8.1)
(ads)

For higher cathodic potentials, e.g. V in this
case, oxygen reduction reaction takes place under
diffusion control, If this reaction is nct under diffusion
control, stirring or fléwing the electrolyté will have
little or no effect upon cathodic reaction. This is
certainly not the case in the present system. The
effect of stirring on the cathodic process will be
explained in section (8.4.5).

The solubility of oxygen in an electrolyte is an
important factor in the cathodic reaction and as a result,
the corrosion rate. The solubility of oxygen in water
is about 8ppm at 250C. It depends on temperature and
also on the concentration of soluble salts. The change
in solubility of oxygen with the change in concentration
of sodium chloride has been discussed by Scully (103).

He showed that the maximum oxygen solubility in water
corresponds approximately to a 3% solution of NaCl, i.e,

sea water. The oxygen solubility then falls with increasing
the NaCl concentration.

Thus, the conclusion is; (a) the main cathodic
reaction in this system is in fact oxygen reduction;

(b) the rate of oxygen reduction for high overpotentials
is controlled by the diffusion of oxygen to the metal

surface.

8.1.2 Anodic Polarization of Copper
The behaviour of copper under anodic polarization
is complex but very reproducible. The first anodic re-

action which takes place in brine solution and is
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responsible for a linear relationship between overpotential
values and the log of the current density is fhe
formation of cuprous oxide. Examination by ESCA of samples
taken in this linear part (Points 2 and 3) indicated
a progressive oxidation takes placé when potential is
scanned in a positive direction. Examination of the
electrolyte by atomic absorption spectrophotometer
showed that no dissolution of copper takes place in. this
part of polarization curve. The slope of this linear
part which correspands to Cu,0 formation is measured
to be about 61 mV/decade which is in good agreement with
reported figure of 60 mV/decade by Bacarella and Griess (69)
and also by Boden (102).

The conciusion is that for the first linear sectiocn
of the anodic curve, the corresponding anodic reaction
is the formation of Cu,0 on the surface of the electrode

2

according to Equation (8.2).

2Cu + H,0 + Cu,0 + 2t + 2e (8.2)

This anodic reaction has also been proposed by other
workers (68).

At higher potentials, i.e. -0.07V vs, S.C,E. the
second distinct region of the anodic curve can be
observed (Points 3 and 4 in Figure 8,1). Clearly there
is a vast difference between the slope of this region and
the region representing Cuzo formation., The slope of
this region is about 19.1 mv/decade' showing for a small

increase in potential, a large increase in current
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density takes place. Also a sudden visible change in
the colour of the electrode occurs as soon as the botential
reaches this region.

ESCA examination of the electrode surface in this
region (Points 4 and 5) showed that the surface now is covered
with CuCl, evident from a small shift of Cu2p3/2 XPS

peak to higher binding energies compared to Cu,0, a

2
small shift of CulLMM Auger peak tolower kinetic energy

and appearance of a Cl2p peak. This is in accordance with

the conclusion reached by Lal and Thirsk (67). Cu2p3/2

XPS spectra showed no evidence for the formation of any

Cu2+ species.

Examination of the solution by atomic absorption
spectrophotometry showed a sudden increase in copper
concentration in the solutions., U.V, absorption spectra
of this solution showed no adsorption band, indicating
that the dissolved copper is in fact Cu(I).

It is clear from these results that in this region
copper dissolution takes place via. Cu+ ionswhich in
contact with the solution containing chloride ions,
forms insoluble CuCl., This soon reaches its limit of
solubility and, as a result, precipitates onto the surface.
This mechanism is similar to that of CuZO disproportionation
in acid solution in presence of chloride ions, explained
in Chapter 7.

In the third region of the anodic polarization curve
for an electrode in NaCl solution, there is a sudden
drop in current densities for small changes in overpotentials.

This is due to formation of a relatively thick adherent

CuCl film on the surface. In general, a compact anodic
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film can be formed if the solution contains anions which
form insoluble compounds with.the cations emerging from
the metal lattice as a result of anodic current, and such
a product is thermodynamically stable. This may block
the anode and, instead of the metal, it is now solid anodic
product that is in contact with the solution. The further
course of the anodic process depends primarily on the
properties of the film, on the nature of its charée
carrier (ions, electrons or both), on its conductivity and
on the strength with which it is adhered to the metal.

The last part of the anodic polarization curve
for copper in NaCl solutions is a transpassive region,
The transpassive region occurs at higher overpotentials.
An ESCA examination of the electrode surface at this region
(Point 6 in Figure 8.1l) showed that the surface f£ilm
contains Cu2+ species. This is in accordance with Pourbaix
diagram (86) for copper in aqueous solutions.

XPS and X~AES spectra of samples corresponding
to points (1-6) of Figure (8.,1l) are given in Figure (8.3).
Figure (8.3(a)) shows the XPS and X-AES spectra of a
copper electrode polarized cathodically (corresponds
to Point 1). These spectra show that the surface in
this region is metallic. Small amount of Cu20 present in
X-AES spectrum is because of transfer and dfying time.
Figure 8.3(b) shows spectra corresponding to Point 2 and
8.3(c) representing Point 3., A progressive oxidation is
evident from X-AES spectra of Point 2 and 3. Points 4
and 5 are represented by Figure 8.4(c&d). Small shifts
in both XPS and X~-AES and also appearance of a Cl peak

in XPS spectra (not shown here) indicates formation of



Figure 8.3:

Cu2p

Cu LM
Auger
|
|
x|
: “ }
1~
) ; I e
a 6 3 ’ J‘ A
* . -~ S o1
)
/ - o - ﬂ N
A A
B s J \"“‘"*ma—:
b ~ 4 |
7 "- L
b .-“__«-/ ‘i
Ia
. '_l 'l Y;’-""\-,
’ S I . —U‘dn
¢ -~ :
c p— ’ ‘ ‘v
. v o TRy
e ’,: ] i : RV
d _,,I"’ - .’L
= N R
/‘\\‘ d e . ‘Il AR
P, NN o ! 1t
2, o " ; I kS
- ' e v s ey,
a A J ’/f\. ’- I ‘.""“‘-,a—\}ew
. '
. ¢ o I
‘ )
960
3¢ 9"3_0 _ 910
. eV K.E. eV

XPS and X-AES spectra of Cu electrodes surfaces at different

points on

A°%4



255

of CuCl, Figure 8.3(e) represents Point 6 and as
discussed earlier formation of some Cu(II) species is

evident from XPS spectrum.,

8.1.3 Time Dependence of the Cathodic and Anodic Processes
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A very important parameter effecting the polarization
curves of copper obtained in NaCl solutions proved to be
the speed of scanning. It is extremely important to fix
this speed for different measurements and moreover‘to
find the correct speed (which in any case is not to be
more than 0,05 mV/sec), to obtain curves with good
reproducibility. Cathodic and especially anodic processes
proved to be time dependent processes during the course
of these experiments. A relatively fast change in potential,
could easily eliminate one or more of the electrochemical
processes. Figures 8.4(a) and (b) show polarization
curves of copper in aerated, 0.5M NaCl solution obtained
with a scanning speed of 0.05 mV/sec and 0.5 mV/sec.
respectively. This shows that both the cathodic and anodic
curves are completely different in Figure 8.4 (b) (0.5 mV/sec)
can be found. This curve does not show any passivation
in the anodic part.

The results obtained from slow scanning have good
reproducibility particularly in the anodic part. The
speed of scanning throughout this study was fixed on

0.05 mV/sec and wherever it differs from this, it will be

stated.
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8.1.4 Effect of Chloride Ion Concentration

Since the formation of CuCl depends upon the
chloride ion concentration, this has a great effect on
the anodic branch of the polarization curve. Moreover,
as stated already, Scully (103) has shown the concentration
of dissolved oxygen is related to the salt concentration
and with increase in concentration, oxygen solubility
decreases, So it is expected that changing the salt
concentration results in change in cathodic polarization
curve, Figqure 8.5(a), (b) and (¢) show the polarization
curves at 0.01M, 0O.1M, and 1M, sodium chloride unstirred
solution, Tafel lines in cathodic region becoming
smaller and more steep when NaCl concentration increases.
Also, because the cathodic reaction in higher overpotentials
is a diffusion limiting reaction, a high concentration
of NaCl results in smaller current density for a given
cathodic overpotential. The corrosion potential also
shifts towards more negative values as a result of increase
in NaCl concentration (Figure (8.5)).

The effect of Cl ion concentration on anodic
branch of polarization curve is more significant., For a
given anodic overpotential, unlike cathodic branch, values
for current densities increase with increase in NaCl
concentration. It is also obvious that for small Cl1
concentration the active/passive transition is negligible
(Figure 8.5(c)) whereas for a concentration of 1M NacCl,
passivation takes place more intensively. The potential

and the current density at which passivation takes place
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varies with different NaCl concentrations. Passivation
takes place at higher current densities for higher

NaCl concentrations.

The temperature of the electrolyte affects the
polarization behaviour of copper. The effect of temperature
on passivation is quite significant as shown by Lekie
for Cu in HZSO4 (65). In NaCl solution at higher
temperatures, the CuCl formed is more soluble in solution
than in solutions at lower temperatures.

In the cathodic part of the polarization curve,

a higher current density was observed for a given over-
potential when the temperature increases. This is
presumably due to an alteration in diffusion reaction rate
at cathodic part. Figure 8.6(a), (b) and (c¢) show the

Cu polarization curve in a O.5M NaCl aerated unstirred
solution, at 30, 40 and 60°c respectively.

To investigate a wide range of temperatures, a
potential was chosen (in this case -0.5V vs. S.C.E.) and
a curve of current densities versus different temperatures
was constructed. Figure 8.7 shows this curve. The
temperature starts from +3.5°C and moves upwards to 90°c.
After about SOOC, the curve does not show any increase in
corrosion current density due to increase in temperature.
This must be noted that the temperature of the solution
was brought down to +3.5°C and then by putting the reaction
vessel in a thermostatic bath at 950C, the temperature
allowed to vary freely. The increase in temperature values

were measured in different periods of time. This is the

reason why the scale of temperatures (i.e. x axis) is not
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linear.

8.1.6 Effect of CuCl Concentration

Since the passivation was shown to be due to the
formation of CuCl, if the solution is already saturated from
CuCl, the passivation is expected to be stronger.
Figure 8.8(a) and (b) show polarization curves for Cu
electrode in 0.5M NaCl solutions (unstirred and aerated)
and Cu electrode in an identical solution saturated with
CuCl, respectively. Obviously the passivation is much more
extensive in the case of CuCl addition. The reason for
the high current density in the cathodic part and also
for the disappearance of the Tafel region, is due to the
addition of a new cathodic reacticn, namely the reduction
of Cu+ to metallic copper. The corrosion potential shifts
in the noble direction due to the addition of CuCl. Values
for overvoltages as well as corrosion potentials are

given in Appendix C .

8.1.7 Effect of Stirring

Stirring has little effect on the anodic branch
of the polarization curve except for the passivation part.
When the soluticn was stirred a less pronounced active/passive
transition compared to the unstirred solution occurred.
This is because stirring the solution prevents a localized
high concentration of CuCl and disperses the CuCl molecules
in the electrolyte. The more rigorous the stirring, the

less extensive was the observed passivation. This phencomenon

has been observed already by Lal and Thirsk (67).
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The effect of stirring on the cathodic part is
guite significant., This is because the reaction is a
diffusion limited and obviously stirring the solution
changes the limiting current density. Figure 8.9 (a)
shows the effect of stirring on current density at a
given potential in the cathodic part. The solution was
stirred with a magnetic stirrer and steps on this curve
represents increasing the speed of stirring. Figure 8.9 (b)
shows the reverse process i.e. starting point represents
the well stirred solution and then the solution was

left unstirred.

8.2 Polarization Behaviour of Copper in the Presence

The cathodic process (i.e. O2 reduction) taking
place in a Cu/NaCl system is a series of complex reactions
including diffusion and adsorption of oxygen onto the
surface. Since oxygen reduction takes place on the
surface, it is reasonable to assume any modification
of the surface may effect the oxygen adsorption and hence
the cathodic processes. When a copper electrode is dipped
in a solution containing inhibitors such as BTA, MBT, etc.,
it has been shown that the surface becomes covered with a
complex of Cu/inhibitor and this may be expected to influence
the cathodic reactions. Depending upon the nature and
electrical properties of this film the cathodic reaction
may be different from the one for the clean metallic

surface.
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In the anodic part, the presence of inhibitor
may interfere with anodic reactions. For instance the

formation of the first anodic process i.e. Cu O may be

2
affected. This is probably because of the interference

by inhibitor with anodic nucleation which results in
retardation of the process. The second anodic process

i.e. CuCl formation, is of particular interest in

presence of inhibitors. This is because of the ability of
these inhibitors to form a complex with CuCl.

Six different inhibitors were used in this part of
the experiments. These were benzotriazole, benzimiazole,
benzothiazole, benzothiophene, 2-mercaptobenzothiazole
and 2-mercaptobenzimiazole. Among these compounds only
benzotriazole and benzimidazole are soluble in
measurable amounts. For the rest of these inhibitors,
which are only slightly soluble, saturated solutions were
used. This represents a problem which makes direct
comparison of these inhibitors impossible. Nevertheless,
these results are still valid because they reveal the
inhibition power of these compounds in saturated solutions.
This is important because the possible industrial usage of
these compounds as corrosion inhibitors involves saturated
solutions (for details of structural formula of these
compounds see Appendix A).

As stated already, it was noticed during this study
that the most reproducible results were obtained when the
concentration of NaCl was eqgual to or greater than O.5M.
For smallexr NaCl concentrations e.g. O0.1M, it was shown

that addition of inhibitor drastically changes the shape
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of the polarization curves, but with a poor reproducibility.

8.2.1 Polarization of Copper_in the Presence of

O s e o — g o S T s e P G e G s G o s o o A P Bt S e S e g

Figure 8.10(a,b, and c¢) shows polarization curves
of copper electrode in an aerated, unstirred 0.1M NaCl

solution in presence of none ((8.10(a)), 2 x 10—5

(8.10(b)), and 2 x 1074 (8.10(c)) BTA, respectively. In
these concentrations, BTA affects the polarization
behaviour of copper in both cathodic and anodic branches.

A small active/passive transition has occurred in 2 x lO—SM
BTA concentration and as evident from Figure 8.,10(b),

is probably due to the reaction of BTA with cut ions to
form solid Cu-BTA., At higher concentrations, the anodic
reaction is drasticallymodified with much lower currents
(Figure 8.10(c)). Values of overpotentials are given in
Appendix C.

Better results with very good reproducibility were
obtained in O,5M NaCl, stirred and aerated solutions.
Figure &.ll1(a) shows a polarization curve of copper in such
a solution.Figure 8.11(b) and 8.11(c) show the result of the
addition of 5 x 1o"5M and 5 x 10~ M to identical solution,
respectively.

The cathodic branch of the polarization curve in
Figure 8.11(c) resembles Figure 8.2(b) in which oxygen
was removed by nitrogen purging. Corrosion potentials are
suppressed in both cases by almost the same amount. The
only difference is when inhibitor is added to the electro-
lyte, because of the influence of "anionic specific

adsorption" at the extreme cathodic overpotential, i.e.Hv

evolution, the effect of inhibitor is inverted. This



CURRENT DENSITY. (macm=2)

Figure 8.10:

POTENTIAL . vOLTS { Versus S.C.E.)

Effect of benzotriazole on Cu electrode polarization curves in 0.1 NaCl solution
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phenomenon has been noticed by Cotton (71) and Mansfield
et al (72). For detail see Chapter 5. Cathodic polari-
zation curves obtained for copper electrode in deaerated
0.5M NaCl solution showed that the addition of BTA into such
solution has only a little effect on the cathodic cycle
of the polarization curves. These results show that the
effect of BTA on cathodic processes, is mainly upon the
oxygen reduction, in contrast with the conclusion reached
by Poling (51).

The anodic branch of the polarization curve shows
no Tafel region in the presence of BTA, indicating the
interference of the inhibitor with the anodic processes.
An apparent change can be observed in the anodic curves as
the potential reaches to CuCl formation. When the concen-
tration of BTA is sufficiently large i.e. 10—5(Figure
8.11(c)) for a certain increase in the overpotential, no
increase in current density is observed. After this region,
increasing the potentials, results in an increase in the
current densities (corresponds to transpassive region in
inhibitor free solutions). However the values of current
density for any given potential in this region is signi-
ficantly less when BTA is present, The suppression of current
densities and corrosion potentials is related to amount of

BTA present.

8.2.2 Polarization of Copper in the Presence of Benzi-

The same behaviour was observed for benzimidazole
except this compound need to be almost ten times greater

in concentration to induce similar effect of BTA on Cu/NaCl
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solution system. This must be noted that even with ten
times greater concentrations, .benzimidazole showed higher
current density for given anodic overpotential than BTA.
Effect of this compound on cathodic polarization cuxrves
at higher concentrations (e.g. 5 x 10~3) is the same as
BTA, In anodic part even with this concentration, some
formation of Cu' probably as CuCl, can be observed. This
indicates that benzimidazole is probably less reactive
towards CuCl, Figure 8.12(a) shows a polarization curve
for copper in an aerated stirred O.5M NaCl solution and
Figure 8,12(b) and (c) show the result for an identical

4 3

system with addition of 5 x 10 - and 5 x 10 °M. benzi-

midazole to the solution.,

Above results justifies the assumption that BTA
is at least ten times stronger than benzimidazole in
respect to effect on cathodic and anodic processes and

hence on corrosion rate.

8.2.3 Polarization of Copper in the Presence of

As stated already, BTA.andben;imidazole were the only
two among the rest which are appreciably soluble., So
direct comparison of the rest is not possible. However,
in saturated solutions, benzothiazole, 2-mercaptobenzo-
thiazole and 2-mercaptobenzimidazole exhibited the same
effect on cathodic part of polarization curve. Figure 8.13(a)
shows a polarization curve for copper in aerated, stirred,
0.5M NaCl solution and Figure 8.13(b), (c) and (d) show the

results of addition of inhibitors in such a solution.
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In the case of MBT (Figure 8.13(d)) the cathodic
process of O, reduction is inhibited by addition of MBT,

In anodic part, although for small overpotentials MBT gives
the smallest values of current densities dompared to the
other inhibitors, for higher overpotentials the anodic
branch of polarization curve sharply rises. Production

of Cu+ ions leading to formation of CuCl and subsequent
passivation is almost similar to that of the uninhibited

Cu electrode. This is probably due to\very small concen-
tration of MBT in solution such that it cannot react with
all the cu” produced, 2-mercaptobenzimidazole has the

most effectiveness after BTA in saturated solutions.
Benzothiazole in this respect falls somewhere between MBT
and 2-mercaptobenzimidazole. In Table (8.1) inhibitors

are listed according to their effectivensss., The strongest
appears at the top. All values for overpotentials and
corrosion potentials for different inhibitors are given

in Appendix C,.

Finally, it must be stated that benzothiophene
showed no effect on polarization curves. Moreover this
compound unlike the rest, failed to form a precipitate
with copper salts in aqueous solutions,

The results, in Table (8.1) indicate, that according
to these measurements, BTA appears to be the strongest
inhibitor for both cathodic and anodic processes, A greét
advantage of BTA is that this compound is appreciably
soluble (about 2 grams/litre),VMBT which secemed to be a
promising inhibitor (40) and shows good inhibition properties
in the cathodic part, appeared to be worst (ignoring

benzothiophene) in the anodic part.
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Cathodic Anodic
-4 . -4
1 benzotriazole (5x10 M) benzotriazole (5x10 M)
2 benzimidazole (5x10-3M) 2-mercaptobenzimidazole
. (sat.)
3 2-mercaptobenzothiazole benzimidazole (5x10 °M)
(sat,)
4 2-mercaptobenzimidazole benzothiazole (=sat,)
(sat.)
5 benzothiazole (sat.) 2-mercaptobenzothiazole
(sat.,)
6 benzothiophene (sat,) benzothiophene (sat).

Table 8.1: Effectiveness of Inhibitors on Cathodic
and Anodic Polarization of Copper (effective-~
ness decreases from top to bottom).

In the electrochemical polarization investigation
of copper in NaCl solution in the presence and absence
of inhibitors, it has been shown that the predominant
cathodic process in an aerated solution is the oxygen
reduction reaction, 1In the anodic part an active/passive
region was found which is concluded to be due to formation
of CuCl on the surface. At lower overpotentials, the
anodic process was identified as CuZO formation. A
transpassive region was observed at higher overpotentials,
At extreme anodic overpotential values, the formation of
cu’t species was demonstrated.

A comparison of the inhibition power of six different
inhibitors was carried out by observing their effectiveness
on cathodic and anodic branches of polarization curves.

In this respect BTA appeared to be the most powerful inhibitor

in the series and benzothiophene the worst.
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CONCLUSION

The final conclusions reached in the present

study are:

l.

Organic corrosion inhibitors for copper and
copper-based alloys used in the present study
exercise their action through the formation of

a protective surface f£ilm.

The nature of these surface films is a complex
between the organic molecule and ions which is
identical to the solution prepared cuprous
complexes. These cuprous complexes are responsi-
ble for protection even in the case of copper

alloys.

Exposure of these protective films to the atmos-
phere oxidizes and degrades them to such an

extent that they are no longer protective. Thus
it is concluded that in any industrial treatment,
provision must be made to ensure that there is
always a sufficient reservoir of inhibitor present

in the system.

Finally, ESCA (XPS and X-AES) is one of the most
powerful.techniques for investigating corrosion
inhibition. This work shows ESCA can be used suc-
cessfully in elucidation of the nature of the sur-
face films, the mechanism of f£ilm formétion, and

the oxidation: and degradation of such films.



276
APPENDIX A

—— — e e e —

T hin Gt s Pt o B T Pt Ve G s Bl Pt T Vot T s Vum =

—————— ey o e s

Materials and their specifications used in the

present study are given below:

1. Metals and Alloys

Copper sanples for infrared reflectance speétroscopy,
ESCA and electrodes were machined from pure electrolytic
copper from 1.N,C.0. (Mond) Ltd. The whole range of
Cu/Ni alloys as well as pure copper and pure nickel,
were donatéd by Dr W.H. Wilman., Pure copper, nickel
and 55/45 copper/nickel alloy foils were obtained from
Goodfellow Metals Ltd. Metallic zinc foil was obtained
from Hopkin and Williams Ltd., with a purity better than
999%. Brass samples were machined from a 67/33 copper/zinc

alloy with following composition

Fe less than 0.7%
Ni " n 0.2%
Pb " " 0.03%
Al " " 0.3%
S " " 0.05%
Sh " " 0.15%

The maximum limits of impurities in electrolytic copper

were as follows:
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Acid-insoluble matter 0.01%
As | © 0.0001%
Bismuth and Pb 0.002%
Fe Q.OOS%
Mn 0.002%
Ni 0.0008%
Sn 0.001%
2. Chemicals

All chemicals and reagents used in this study
were the purest available (Analar grade or equivalent),
Organic compounds used, are listed below with their
formula, the place they have obtained and their impurities.

(a) Benzotriazole H

N

AN
N

4
N

Obtained from BDH Chemicals Co. (99%).

(b) 2-mercaptobenzothiazole

Obtained from BDH Chemical Co. and was not less than

99 per cent (ex sulphur) and sulphated ash not more

than 0.1%.
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(c) Benzimidazole H
. N
o
N/

Obtained from Aldrich Chemical Co. (98%).

@<§>_SH

Obtained from Aldrich Chemical Co. (98%).

o

Obtained from Aldrich Chemical Co. (99%).

00
e

Obtained from Aldrich Chemical Co., (97%).

(a) 2-mercaptobenzimidazole

(e) Benzothiazole

(£) Benzothiophene

(g) Cuprous oxide, cupric sulphate, sodium and
potassium chloride and inorganic acids all were obtained

from BDH Limited all in Analar grade.

(b) Experimental

(1) Electrochemical Polarization Experiment Technigues
Polarization of the copper samples were carried

out using a Wenking Model PCA 72M Potential Control

Amplifier Model VSC 72 Voltage Scan Generator., A Bryans

X-Y recorder 26000 with a logarithmic amplifier unit
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(Model 26238) for Y axis, was used to record polarization
curves, A platinum electrode was used as an auxilliary
electrode and the temperature was controlled using a
water bath. Analar grade sodium thoride and triply
distilled water were used for making electrolytes, Injection
of inhibitors following by cathodic polarization of copper
samples was carried out using the same potential amplifier.
This was carried out by potentiostating the copper sample
in a pure NaCl electrolyte at 0,90V vs., S.C.E. for sometime
(say % hour) to make sure all oxides are reduced to
metallic copper. The circuit was then broken followed by
injection of inhibitor from a side arm. The samples were
then exposed to this solution for a period of time. The
samples afterwards were removed, washed and air dried.
Films of Cu20 on copper samples were grown electrochemically
in 1M KOH solution. The polished samples were etched in
diluted nitric acid solution first, then rinsed and
potentiostated in KOH solution at -0.95V vs, S.C.E. in
order to reduce the oxide to copper metal. The potential
then was dropped to -0,45V vs. S,.C.E. to form Cu20.
The sample then rinsed with distilled water thoroughly.
Working electrodes were prepared from a cylindrical
rod of pure electrolytic copper with known diameter. The
electrodes were cut in 3 mm. thickness and then covered
with an epoxy resin (Araldite) in order to have only one

face expcsed to solution. No contamination from epoxy

resin was noticed.,
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(2) Electron Spectroscopy Experimental Technique

Pt ekt e e it Tt = > P - — s e s pes S P e s vm S ot S= s e P S Py P s B e —

ESCA spectra of samples obtained with a V.G. ESCA-3
using an AL x-ray anode (for detail see Chapter4),
Samples were cut and machined for'a bulk of pure copper
(7 mm. x 5 mm.), then abraded and polished in the
way described earlier. Argon ion sputtering was used to
clean at final stage inside the spectrometer. A typical
rate of etching by argon ion bombardment was found to be
3 2 per minute per 1uA for Ni. Powder samples were
mounted in double sided adhesive tapes, For the samples
which were to be examined at very low temperature (e.g.
BTA) , the samples were mounted on a low temperature probe,
into which liquid nitrogen was sucked by a pump.

Temperatures as low as -150°C could be obtained easily

using this technique.

(3) I.R. Reflectance Spectroscopy Experimental Technigucs
Reflectance spectra of samples were recorded on a
Perkin-Elmer infrared spectrometer model 457, using a
Specac Multi-reflectance unit with a maximum 25 reflections.
An ailr gap of approximately 2 mm. was used between the two
highly polished sample mirrors. The mirrors were cut from
pure copper in approximate size of 52 mm. x 28 mm,, then

polished to obtain mirrors. Powder samples were pressed in

a K Br disc with 15 torrs pressure.

(4) Complexes Preparation
Cu-inhibitor complexes for both ESCA and I.R.
spectroscopy were prepared by addition of unimolar

solutions of copper salts and inhibitor. 1In the case of

inhibitors with very small solubility such as MBT, a
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saturated solution of MBT was added to a dilute solution
of copper salt. The precipitate then were collected

and after several washes with triply distilled water were
dried in air. To investigate the effect of Cl1~ concen-
trations on precipitants, different amounts of NaCl

(varying between 0-2M.) was added to the original solution.
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All binding and kinetic energies for different
elements and compoundsused in this study is listed
in Table B1, All bindiﬁg energies are relative to
C ls = 285.0 eV. Kinetic energies were corrected for

charging effect where necessary.



TABLE Bl:

Sample Cu2p,)/2 CuLMM N12p3/2 NiLMM Zn2p3/2 ZnLMM N 1s S 2p Cl 2p Br 3p
B.E. (eV) K.E.(eV) B.E,(eV) K.E,(eV) B.E,(eV) K.,E,(eV) B,E.(eV) B,E,(EV) B,E.(eV) B.E.(eV)
Copper a 932.9 919.7
(etched}
b 1
Cuprous Oxide 933.1 917.4
Cu(I)-BTA 933.0 915.7 399.9
surface film
Cu{({I)-BTA 935.8 916.6 399.8

surface film
after oxidation

Cuz—BTA Cl 933.0 915.6 389.9 198.7
surface film

Cu,-BTA C1 935.9 916, 4 400.,0 198.6

surface film
after oxidation

Cu(lI)-BTA R 8932.,9 '915.9 399.,9
(prep. chemicallY)

Cu(lI)-BTA 935.8 916.5 399.9
complex

after oxidation

Cu(II)-BTA 935 ,4 916.,6 399.7
(prep. chemically)c

€8¢

70Cu: 30N1i 932.8 919.4 852.9 846.9
air exposed 856.1



TABLE Bl (continued)

C M i2 b

Sample uZps/2 CuLMM Ni p3/2 NiLM@ Zn2p3/2 ZnLMM N 1ls 2p Cl 2p Br 3p
70Cu:Ni 932.7 919.3 853.0 846.8
etched -
70Cu:30N1i + BTA 932.9 gd 399.8
30Cu:70N1 933.1 919.5 853.1 346.8
(air exposed) (856, 2)
30Cu:70N1 933.0 919.6 853.1 846.9
etched -
30Cu:70Ni + BTA 932.9 - 8§53.0 ? 400.0
(5 min,) (856,0)
30Cu:70Ni + BTA 932.,9 ? 400.0
Ni Polished 853.0 846.9

(856.1)
Ni (etched) 852.9  846.8
Ni + BTA §53.0 846.9 ~400.0

(856.3)
70Cu:30Zn 932.9 919.,6 1021 .4 993.0
(air exposed) (988.4)

993.

70Cu:30Zn 932.9 919.4 1021.1 1
(etched)

v8c¢



TABLE Bl (continued)

i2 Z 10 2 B

Sample CuZps/z CuLMM N ps/2 NiLMM Zn.?,p3/2 nLMM N 1s S 2p Cl 2p r 3p

70Cu:30Zn + BTA 932.8 916,07 1021.9 987.0 399.,9

Zinc (polished) 1021.0 8982 .9

(988.4)

Zinc (etched) 1021.,8 993.0

Zinc + BTA 1021.7 987.2 399.7

Cu(I)-MBT 932.9 916.,7 400,1 164.1

surface film

Cu(I)-MBT 935.6 916.3 400.2 164.1

after oxidation (168.2)

Cu(i)-MBT 933.1 916, 4 399.8 163.9

complex

Cu(Il)-MBT 935.7 916.3 400.0 164.0

complex oxidized) (168, 3)

70Cu:30Ni + MBT 933.0 399.7 163.9

30Cu:70Ni + MBT 932.2 399.7 164.1

70Cu:30Zn + MBT 932.9 399.9 163.,9

benzotriazole (BTA) ’ 388.3 [ )
(03]
w

2-mercaptobenzothia- 399.8 164,11

z0le (MBT)



TABLE Bl (continued)

2 1 ; :
Sample Cu p3/2 CuLMM N12p3/2 NiLMM Zn2133/2 ZnLMM N 1s S 2p cl 2p Bxr 3p
benzimidazole 397.8
2-mexrcaptobenzi- 399.6 162,95

midazole (MBIA)
Cu(I)-~-MBIA Complex 933.0 399.5 163.2
before oxidation
Cu(I)-MBIA Complex 935.8 399,7 163.2
after oxidation 168.0
Cu(I)- benzimidazole 932.7 399.4.
before oxidation
Cu(I)-benzimidazole 935.5 399.5
after oxidation
Cupxrous chloride 933.1 917.0 199.03
Cuprous bromide 8932.7 182,66
CuBr + BTA 933.1 399.5 181.9
8 - Argon ion etched inside the spectrometer (see Appendix A)
b - Grown electrochemically (see Appendix A),
¢ - Prepared from precipitations in solution (see Appendix A).
d - Question marks show that the signal 1is too weak to allow measurements with reasonable g

a

accuracy.
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Table Cl: Values of Electrochemical Overpotentials and
Corrosion Potentials for Copper Electrode in
Brine Solution.

ELECTROLYTE mV /SCE N N mv
corry., C a

0.01M NacCl -100 -132 +72
0.1M NacC1l -170 -670 +70
1.0M NaCl -247 -192 +34
0.5M NaCl -229 -114 +47
(unstirred)

0.5M NacCl -220 - 40 +22
(stirred)

0.5M NaCl -436 - 99 +238
(deaerated)

0.1M NaCl + 2x10 °M -238 -150 +141
BTA

0.1M NaCl + 2x10 Ty -250 -229 +385
BTA

0.5M NaCl + 5x10 °M -329 - 44 +274
BTA

0.5M NaCl + 5x10 M -471 -166 +404
BTA

0.5M NaCl + 5x10 ‘M -248 -111 + 85
BIA

0.5M NaCl + 5x10 °M -470 -156 +359
BIA
0.5M NaCl + Sat, -441 - 82 +315
BA

0.5M NaCl + Sat. -446 -152 +307
MBT
0.5M NaCl + Sat. -470 - 95 +344
MBIA

All values

of overpotentials are at 5uA/cm2
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APPENDIX D

I.R. spectra of benzimidazole, benzothiazole

and 2M-benzimidazole and their copper(I) complexes.
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Benzotriazole, C M N, has been found to be an eflective corrosion inhibitor
for copper in a varicty of environments'~>. Benzotriazole, BTA, is conveniently
adsorbed onto copper from acidic aqucous solutions sometimes containing NaCl,
and forms a surface film of variable thickness in the range 40-140 A depending upon
conditions®. ltappears that this surface film can act as a barrier to cathodic reactions! =7,
thus imparting a degree of corrosion resistance to the copper substrate. In recent
years there has been considerable research effort devoted to the identification of the
nature of the surface film' ~® formed on copper during exposure to BTA-containing
solutions and various possible structures have been proposed!' 2- 7+ 8 Two distinct
alternatives may be identified: a cuprous surface complex, Cu(l)BTA. which is
thought to consist of lincar polymeric chains'* 2, and a cupric surface complex,
Cu(IDBTA, which is possibly a network structure' ** *, though the details are not
clear. Infrared spectroscopy studies” and chemical analysis of film extracts” have
produced evidence marginally in favour of a cuprous complex, but the results are
not conclusive. Copper is usually covered®- ? with a thin layer of copper oxide and
it has been recognised that this is probably the substrate for BTA adsorption! =3+ 878,

In a recent paper®, X-ray photoclectron spectroscopy was used to study the
surface films formed by adsorption of BTA on cuprous and cupric oxides. In the case
of cuprous oxide it was concluded?® that the surface fitm was a mixture of Cu(l)BTA
and Cu(Il)BTA. the relative amount of Cu(l)BTA increasing with increased exposure
to aqueous BTA solutions at 60°C. We have made an extensive study of adsorbed
corrosion inhibitors on copper! ® and the above result runs contrary to our experience.
In X-ray photoeleciron spectroscopy studies of BTA adsorption on copper and
cuprous oxide surfaces under a variety of conditions'® we have found no correlation
of the cuprous/cupric ratio with exposure time to the BTA solutions. However, in all
cases the treated surfaces underwent fairly rapid oxidation on exposure to air after
removal from the BTA solutions,
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EXPERIMENTAL

X-ray photoelectron spectra were obtained with the Vacuum Gencerators
ESCA-3 using an Al X-ray anode which was operated at the lowest pos-ible power
level to avoid any photoreduction in the sample''. Since the spectra were obtained
by digital accumulation, it was possible to verify that no photoreduction took place
during acquisition of the spectra. In fact, no evidence for photoreduction of Cu(ll)
to Cu(l) was obtained from any spectrum under the prevailing conditions in our
spectrometer and the short times taken to collect data. The binding energy scale
was chosen such that the C(ls) level arising from BTA or surface contamination was
285.0 e V12,

Copper samples were machined from I.N.C.O. (Mond) Ltd. pure electrolytic
copper and benzotriazole was obtained from B.D.H. Ltd. Surface films of Cu,0
were produced electrochemically in KOH solution®. A typical BTA treatment was
immersion in a N,-purged solution containing 0.02 M BTA and 0.5 M NaCl at
pH 3 and 25°C, followed by washing with triply-distilled water and drying in air.
Several methods of washing were tried, for example, agitated or statie, but no visible
differences in the spectra were produced.

RESULTS AND DISCUSSION

The X-ray photocleetron spectrum in the Cu(2p) region of an electrochemically
grown Cu,O surface is shown in Fig. I(a). The appearance of the spectrum, the
Cu(2p) binding energies, and the LMM Auger peaks are in agreement with Cu,O
spectra from numcrous previous investigations of copper compounds®: '+ 13 Ip
particular, thesatellitesassociated withshuke-tup processes in Cu(H)areabsent '+ 13715,
In all Cu(ll) compounds examined by X-ray photoclectron spectroscopy relatively
strong satellites have hieen observed 6-10 ¢V on the high binding energy side of the
main peaks'’ '* 15 The observation of these satellites is now considered to be
indicative of the presence of Cu(ll).

After immersion of a copper sample with an electrochemically grown Cu,0
surface in an aqueous solution containing 0,02 M BTA and 0.5 M NaCl at pH 3
and 25°C with N, purging for 10 min the spectrum shown in Fig. 1(b) was obtained.
Immersion of a similar copper sample in an identical solution for an exposure time
of 20 hrs produced the spectrum in Fig. 1(c). That the surface film contained BTA
was established in all cases by the strong N(1s5) peak and the enhanced intensity of the
C(ls) peak over untreated surfaces. Clearly, the spectra in Fig. I(b) and (c) are
virtually identical. A small amount of Cu(Il) is present in the surface film as evidenced
by the high binding energy shoulders and the weak satellites. Identical spectra were
obtained for many intermediate exposure times and these results indicate that the
amount of Cu(ll) present in the surface film is not significantly affected by the
exposure time to BTA solutions under the above conditions,
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Figurc 1. Photoclectron spectra of Cu (a) with an electrochemically grown Cu20 surface: (b) after
immersion in 0.02 M BTA solution containing 0.5 M NaCl at pH 3 and 25-C for 10 min; (¢) after
immersion for 20 hrs. Exposure of sample (¢) to air for: (d) 2 hrs; (¢) 3 hrs; (F) 16 hrs; (g) 48 hrs.

Similar results were obtained with abraded surfaces or surfaces polished with
diamond paste (1 micron), washed with acetone, methanol, triply distilled water and
dried in air. The spectra of these samples before BTA treatment were identical to
that in Fig. 1(a) and the LMM Auger peaks indicated that the surface was covered
with a thin layer of Cu,0° '3, Thus, it is not surprising that these samples behaved
in a similar manner with respect to BTA adsorption as those samples with cleetro-
chemically grown Cu,O surfaces.

Following these results a variety of conditions for the BTA treatment were
investigated. In each case a series of sumple immersion times were examined and both
polished copper samples and samples with electrochemicitlly grown Cu,O surfaces
were used. The various conditions were: (i) 0.02 M BTA, 0.5 M NaCl at pH | and
25°C; (i) 0.02 M BTA, 0.5 M NacCl at pH 3 and 60°C; (i) variation of BTA con-
centration at pH 3 and 253°C:, (iv) variation of NaCl concentration at pH 3 and 25°C;
(v) variation of the degree of agitation; (vi) adsorption from CHCl; at 25°C (one of
the few organic solvents in which BTA is appreciably soluble). In all cases the spectra
of the surface films produced were similar to Fig. I(b) and (c¢) regardless of immersion
time,

The above results differ from the conclusions of Roberts®. For this reason
surface films produced by BTA adsorption from aqueous solutions (pH =~ 5.25) and
25-60°C with N, purging for a wide range of BTA concentrations and immersion
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times were studied. The resulting spectra were similar to Fig. 1(b) and (c) regardless
of immersion time, in ecomplete agreement with the results obtained for BTA solutions
containing NaCl

It is quite clear from our results that the amount of Cu(J1) present in the surface
is not eorrelated with immersion time in BTA solutions for a wide variety of conditions.
Although in general N, purging was carried out throughout the treatments, it was
found that even if air was blown through the BTA solutions no increase in the relative
amount of Cu(l1) resulted.

In all cases the BTA treated copper specimens proved very sensitive to ¢x-
posure to air, during which oxidation of Cu(l) to Cu(Jl) took place. This is denmon-
strated in Fig. 1(d)-(g) for the sample which had been given originally a 20-hr immersion
time in BTA solution and whose spectrum is shown in Fig. 1(c). The spectra were
obtained after 2, 3, 16 and 48 hrs exposure to air and indicate progressive oxidation
of Cu(l) in the surface film to Cu(ll). This is evident from the increasing intensity of
the high binding energy shoulders and the shake-up satellites. After 48 hrs the surface
15 almost campletely oxidised to Cu(ll). This sequence of spectra was typical of ail
the BTA treated copper samples studied.

The observation of Cu(ll) in the spectra obtained shortly after removal from
the BTA solutions is easily explained by oxiduation during the finite time (5-15 min)
needed to dry the samples in air before insertion into the spectrometer. Finally, a
check was made to sce if running the spectra at intermediate times during the oxidation
process accelerated the process through radiation damage, but no effect was deteeted.

CONCLUSION

We conclude that the surface films produced on Cu,0 surfaces on copper by
adsorption of BTA from aqueous solutions under the wide varicty of conditions
studied and probably from most polar organic solvents, consist of a Cu(I)BTA
surface complex. In addition, Cu(il} is produced only on removal of the treated
copper from the liquid phase when the Cu(l)BTA surface complex reacts with air.
The structure produced by such an oxidation process would not be the Cu(Il)BTA
referred to earlier. Many simple Cu(l) compounds have been found to be easily
oxidised to Cu(ll) by exposure (o air'' '® Thus, we suggest that the corrosion
inhibition properties of BTA are associated with the formation of a Cu(l)BTA
surface film. The detailed structure of this surface compound remains to be determined.
However, in the working environment it is possible that the Cu(I)BTA surface film
produced by BTA treatment may be oxidised to Cu(ll) by air exposure and that this
latter compound imparts eorroston resistance.
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