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ABSTRACT

A study of the mechanism of copper deposition from
aqueous CuSOu electrolyte showed that for acidified solu-
tions the deposition is charge-transfer controlled, but
for neutral solutions at low current density, the process
is surfzce-diffusion controlled.

Thirty-five organic additives were studied in
relation to their effects on the cathode overpotential and
kinetics of copper deposition., These compounds were divided
into four groups on the basis of their functional group and
structural differences,

The compounds of Group I included the normal mono-
carboxylic and dicarboxylic acids of low molecular weight.
They gave rise to an increase in cathode overpotential, but
with no change in the kinetics of copper deposition.

The fractional surface coverage due to adsorption
of these compounds on the cathode surface was calculated
from the overpotential increment data by application of
the simple blocking theory. As a first approximation, the
Langmuif isotherm was used to calculate the standard free
energy of adsorption, which was found to vary with coverage.
This coverage dependence of the free energy was dttributed
to a sponfaneous lateral interaction between the adsorbed
molecules and épproximate theoretical calculations showed
that the lateral interaction is due mainly to dipole-dipole

effects,
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An adsorption isotherm was derived for these addi-
tives in which the effect of the lateral interaction was
considered. |

Group II compounds included low molecular weight
thioacids, mercaptoacids, and tﬁiols. Thioacids and mercapto-
acetic acid, in acidified Cu804 electrolyte, caused a depolar-
ization or decrease in cathode overpotential, and also changed
the kinetics »f copper deposition. This was attributed to
the formation of additive-Cu{I) complexes. In the begin-
ning of electrolysis, an initial maximum overpotential was
always obtained with the depolarizing additives, and this
was attributed to the sulfurization of the copper surface
with formation of a copper sulfide film.

The thioacids and mercaptoacetic acid in neutral
solution, and mercaptopropionic and mercaptobutyric acids
and the thiols in neutral or acidified solution, caused an
increase in the cathéde overpotential, The fractional sur-
face coverage and standard free energy of adsorption were
calculated in the same manner as for the additives in
Group I. |

Group III addition agents included the normal diols
up to hexanediol. These caused an increase in the cathode
overpotential. An expression was developed to relate the
iﬁitial slope of the overpotential increment-concentration
curves to the standard free energy of adsorption at zero

coverage. Accordingly.Z§G§ was calculated for the addi-“'

. ..
tives of this group. | | V_j!'
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The compounds of Group IV included benzoic, phthalic,
and isophthalic‘acids, phenol, ‘cyclohexanol, cyclohexane-
carboxylic acid and 1,2 cyclohexanedicarboxylic acid., These
compounds also caused an increase in the cathode overpotential,
Just as for the additives in Croup 1II, the free energy of
adsorption was calculated from the initial slope of theAIlvs.

C curves,

Calculated values of the standard free energy of
adsorption of monofunctional compounds (monocarboxylic acids,
thioacids and thiols) showed that the addition of each
methylené group to the hydrocarbon chain caused the same in-
crease in the free energy of adsorption, namely, -760 cal/mole.
This was attribﬁted to the applicability of Traube's rule to
these homologous systems.

The free energy contributions of the functional
groups were determired and it was found that their effect-
iveness in contribﬁting to adsorptivity increases in the
order OH< COOH<Z SH< COSH. | |

?he overall effect of the hydrocarbon part of the
organic additive was also examined .and it was.found that,
generally, the adsorptivity increases in the order: satu-
rated cyclic compounds<saturated aliphatic compounds <
aromatic cempounds.

For the difunctional compounds (dicarbokyiic acids,
diols and mercapfoacids), aﬁ alternation was observed in

the effect on cathode overpotential with increasing number
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of carbon atoms, corresponding to alternation in the struc-
tural configuration of theseiadditives. Additives with an
odd number of carbon atoms are more effective than addi?
tives with an even number of carbon atoms. An empirical
equation for the standard free energy of adsorption was
developed for the dicarboxylic acids, in which the struc-
tural difference tetween the even and the odd molecules was
considered.

The results obtained suggest that the additives
studied are physically adsorbed on the copper surface and
that the free energy of adsorption can be calculated from
the contrivbution of each part of the additive molecule.
This generalization is particularly applicable in the case
of monofunctional compounds. For difunctional compounds,
total contribution from the whole molecule can only be

expected if the molecule adsorbs with both functional

groups.
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CHAPTER I

INTRODUCTION

General Theory of Overpotential

The development of an electrochemical potential
difference between two phases requires the transport of
9lectrically charged particles, ions or electrons, in
either direction. Immersing a metal electrode I in a

solution of its 1ions MZ+ involves the reaction

M o= Mt 4+ Ze  ecmeeee- (1)

and an.electrochemical potential difference between the
two phases takes place. When the electrochemical reaction
reaches equilibrium, with the forward reaction rate com-
pensated by a reverse reaction of identical rate, an
equilibrium potential Eo is established across the metal-
solution interface. When net current flows, the electrode
potential E assumes a value different from that in the
absence of current Eo. The deviétion of the electrode
potential E from the equilibrium value Eo is called the

overpotentialr] , i.e.,



The overpotentiall]is a function of the current
density i. The difference between the equilibrium poten-
tial Eo' which is also called the reversible electrode
potential, and the potential E, the irreversible elec-
trode potential, is due to an inherent slowness of one
or more of the kinetic steps in the electrode reaction.
In electrode kinetics, as in ordinary reaction kinetics,
the slowest partial reaction is rate-determining for the
total reaction. The magnitude and type of overpotential
n is therefore governed by the slowest partial reaction,
If several of the reactions have low reaction rates of
similar orders of magnitude, the corresponding over-
potentials are superimposed to form the total over-
potential., Generally, there are three different types
of overpotentials, and accordingly r]total can be repre-

sented by

Niotar = Mr *Me + Na

where r]A is the activation overpotential, which arises

from the hindrance of one or more of the kinetic steps
necessary to transform a hydrated ion in solution to its

final position in the lattice forming the solid electrode,

q is the concentration overpotential, which is the over-
potential due to concentration changes at the electrode
. surface (or more rigorously, immediately adjacent to the

double layer), and r]IR is the ohmic overpotential, said

Mn“‘"fﬁl
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to arise from electrical resistance (i.e. IR potential drop)
to the passage of ions to the surface of the electrode,

Vetter (1,2) has pointed out that the activation

overpotential f]A is actually the sum of a charge-transfer

overpotential f]t and crystallization overpotential q .
Crys.

The crystallization overpotential arises when the process

by which atoms are incorporated into or removed from the

crystal lattice is hindered. Accordingly:

Mtotaz = Mzr * N * Nt 7 Nexys.

In the system and method of measurement employed
here, r]IR was eliminated and concéntration overpotential
was kept to a fixed value which is in fact negligibly
small (3) in comparison to the value of activation
overpotential. Therefore, the overpotential measured
in the presence of organic additives can be considered
to indicate contribution only to the activafion over-
potential. The activétion overpotential T]A, ( qt_+ r]crys.)’
is actually concerned with the reaction occurring during
electrolytic deposition of ions, i.e., the sequence of
events that each ion follows from the moment it arrives in
the double layer until it becomes incorporated into the
crystal lattice.

Charge-Transfer Overpotential at Metal/Ton Electrodes

The hindrance of the charge-transfer reaction

causes the formation of charge-transfer overpotential

s WD



r]t' In metal/ion electrodes the charge carriers are

Z+
metal ions M carrying Z elementary charges and the pro-

cess can be represented by equation (1). The methods of
electrochemical kinetics may be applied to the general

charge-transfer reaction

K&
0+Ze-1-{—_-R ....... (&)

where 0 and R represent the oxidized and reduced species

respectively, as

U+= K+ CO ------ (5)

Vo= K.Cp  me—me-- (6)

. 2
whereu+ and y_ are the rates in moles sec cm and

0 and CR are the surface concentrations of the respec-

tive species at the interface. The rate constants K,

C

and K_ of reaction (4) must be proportional to the
3%
Boltzman factor exp(-AG, /RT), which allows for the

activation energy, as follows:

K, = I-{: exp(-4A G: /RT) )
-3 *
K = K_ exp(-AG_ /RT) = -----e- (8)

wherel\G* is the free energy of activation, and R* is
the prbportionality constant which depends on the acti-
vities, nature of the metal, and the temperature.

If the overall reaction invélveé_the passage of
ZF Coulombs mole“1 of procducts cm-z, the electrochemical

rate Y in terms of current density i is

[ el
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i= VZF e (9) .
At equilibrium the rate of forward and backward
reactions, determined by the free energy of activation,

can be written as:

-3
v * S m s *®
C, Z2FK, exp(- AG /2T) = K exp(-AG, /2T)

1t

i

+
——————- (10)
and
-, =% 2% N L % o
i_ = Cy ZFK_ exp(- [XG_ /RT) = K_ exp(- AG_ /3T)
——————- (11)

where K- is equal to CZF K .

As the electrode potential departs fronm the equili-
brium valve by an amount q , chanze in the reaction rates
will take place. If the change from £, to E is such that
the rate of discharge is faster tharn the rate of jonizztion,
a net cathodic curfent will be produced.' The free energy
of zctivation for the discharge process will'decrease fron
[&G: to A G: -e< 2z N F and it will increase for the ioni-
zation process from [3@? to [SGf +X ZNF (L), where
o(c and aia are the tran;fer coefficientsT for the
cathodic and anodic processes respectively. The net
electrochenical rate in terms of current density can

be written as:

< e OFS "“‘“‘ﬂ



i.e.,

Equation (12) can be written in terms of the eichange current

density io’ as

» » B *
i, =K exp(-AG+ /RT) = K exp(-AG_ /RT)

io being the current which corresponds to the identical

anodic and cathodic current densities that compensate

each other at the equilibrium potential E_, i.e. at

ol
f]: 0. Therefore, equations (12) and (13) can be re-
duced to

i= ip exp(<=<c r]ZF/RT) - exp(-::la rlZF/RT)]

The validity of equation (14) is based on the assumption

that C, and C_ are independent of current density and

0 R
potential, and consequently, only pure charge-transfep

overpotential is involved,

At low overpotential, i.e.;]<§2, equation (14) can
ZF

be reduced to 2 simpler form by employing a linear ex-

pansion of the exvonential terms, giving

i = io ZF]F ------- (15)

RT

Equation (15) indicates that cathodic current density

is linearly related to the overpotential at small q .



At low overpotentials, provided that charge-transfer is
still the rate-determining step, this equation is found
to be a good approximation. However, this is not always
true in the case of metal deposition (5,6). .

It can readily be seen that for larger charge-
transfer overpotentials,f]})RT/Z“F'the second term in
equation (14) can be neglected and the following expre-
ssion is obtained

i = io exp@xr]ZF/RT)' ------- (16)
By a simp}e transformation of equation (16), the over-

potential can be expressed in terms of current density
by

-3

2o
=]

1ln io + RT Ini = =e—cece--- (17)
<ZF

2
by

Equation (17) is similar to the empirical equation

described by Tafel (7) for hydrogen overpotential

q = a 4+ b Ini = e-eee-- (18)
The Tafel slope b is, therefore, given by
P = RT = eeee--- (19)
xZF

which permits its theoretical calculation.

Equation (17) indicates that the Tafel equation
is obtained for the charze-transfer overpotential at
metal/ion electrodes. Whenr]is plotted vs., 1n i, a
straight line is obtained if charge transfer 1is rate
determining. Extending the line to 1In i = 0 to find

the intercept for eguation (17) allows calculation of

the exchange-current density io;

.



The Mechanism of Netal Deposition

The main purpose in any investigation of a metal
deposition-dissolution system is to obtain the mechanism

of the process

+ (2 electrdns)c —> (metal atom)

(metal ion)
rystal crystal

solution

The sequence of events that each metal ion follows, from

the bulk of the solution to incorporation into the crystal
lattice, can be summarized according to the usually accepted
mechanism of metal deposition as follows (8) (see figure 1a):
(1) The transfer of an ion from its hydration sheath in
solution to some position on the metal surface, most likely

a surface plane of the metal, where the ion is still partly

hydrated.

(2) Charge-transfer process takes place, fofming adions*.
Whether water of hydration remains attached to a particle
after the charge-transfer étage depends upon whether some
ionic character is retained by the particle. Bockris.&
Conway (9) showed that the number of hydrating water
molecules retained decreases as the depositing particle
replaées these molecules in its coordinating sphere by
other metal atoms on the surface. This model is shown

in Figure 1b.

(3) The final step is the incorporation in the lattice

at a kink or growth site. Accordingly, the following

*¥If the adsorted particles retain part of their charge,
they are called adsorbed ions or adions.




Figure 1

(1a) Consecutive ionic transfer, surface-diffusion of
adsorbed ions during the building of the metal
lattice in electrolytic metal deposition.

Diagram taken from the original reference (11).

(1b) Diagrammatic representation of possible modes of
hydration of transferred adions at various sites
upon the metal surface.

Figure (1b) was taken from the original reference

(9).
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equation can be written;

Ion in charge Adion in| Diffusion [Adion
double transfer planar across at
layer at planar site site surface  \kink

Therefore, the rate-determining step will depend on the rate
of the kinetic process, either the charge-transfer or surface
diffusion. The accepted mechanism for copper deposition
(1,10) when the potential is relatively negative is a two-

step charge-transfer reaction,

2
Cu + + e slow Cu+
cut + e fast Cu
=

Under these conditions, the overpotential for copper
deposition may be attributed primarily to the charge-
transfer reaction, the kinetic treatment of which has
already been described. At low overpotentials, the rate-
determining step is believed to be the surface diffusion of
adions from their point of deposition to their final lattice
position (8,10,12,13). However, there are conditions under
which surface-diffusion can be rate-determining at other
than low overpotentials (12,14,15).

Surface-Diffusion Overnotentizl

If the diffusion coefficient for an adion on the
metal surface is sufficiently small, the surface diffu-

sion process will be important in determining the rate

of the overall reaction. The surface concentration of
adions during polarization, i.e., during current flow,

will be greater than the surface concentration corres-
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ponding to equilibrium. Accordingly equation (14), which
is based on the assumption that the concentration of the
jons in the vicinity of the metal surface is independent
of current density and potential, will be invalid and the
overpotential-current relation must then be modified
accordingly. Bockris and Mehl (6) déveloped the following

equation to represent this situation:

. . 1
i = 1 l:exp(o(c r)ZF/RT) - Cn (%) exp(-ota DZF/RT)
o —%——0 ]

....... (20)
where C_ is the concentration of adions at equilibrium
and (Cq (t)) is the concentration of adions at time t when
the overpotential has reached a valuel']. Forf‘l((RT/o( ZF),
and neglecting second-order terms, rearrangement of (20)
gives

rl(t) = (RT/ZF) (i/i.o) + (RT/ZF) (Acq’t/co)
....... (21)

where

Acr\’t= cq,"t - C,

Hence rldepends in this case on io for the charge-transfer
reaction and on the concentration overpotential due to

surface diffusion.

The rate of change of adion concentration at any
point on a surface is given by the difference between the
rate at which the adions arrive by deposition and the rate
at which they diffuse away (6) as given in equation (22)..

dc Jit = 3 2= V  ee=—o-- (22)
n-t ZF
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where V is the average surface diffusion flux of the adions
during their passage from the point at which they are trans-
ferred to the metal surface and at which they meet a crystal
building site., By assuming that the surface diffusioﬁ flux
is proportional to the surface concentration, (C /c_ =1),

O
we get

v = Vv (C .t/co - 1)-—-me- (23)

Assuming further that the adion concentration near the

kinks remains at an equilibrium value, then substitution

of (23) in (22) followed by integration yields

Ac/e, = i RPCIAA /co)t)

(1
ZFV,

Thus the steady-state value of the increased concentration
of adions over that expected for pure transfer control is

given for t = o0 by:

Ac/ = 1/2FV emeeee- (25)

Substituting (24) in (21) gives the overpotential as a
function of surface diffusion and transfer of ions across
the double layer as

_ : : -V, /C. )t
M [%o Yogw, UT00° ]

ZFV, < i, e (27)

Equation (27) has been derived with the assumption that
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Vo is independent of overpotential, however, this assumption
has been found to be incorrect (6,16). Bockris & Mehl (6)
suggested the following empirical equation to show this

overpotential dependence.

Vo () = Y o= N 2F/RT

------- (28)
Substituting Zquation (28) in (27) yields
2, (I <io e nNzE/RT
------- (29)
From (26)
. -(v_ /C )t]
- = RT
Moy = Neer T 3F zw, © ° 0 °
------- (30)
and at t = 0 .
= BT_.J_,_ “““““ (31)
r‘t=° Fi,

From EZquation (30), plotting the natural logarithm of
(r‘(t) - q(aﬂ) vs. t should give a straight line with
slope equal to —VO/CO, and from the extrapolation to t=0, the

value of Vo can be obtained.

At t= o
N (w) = RT (1 + D B (32)
27 14 ZFVo
This equation is valid at a time greater than the rise ;

time of the transfer reaction, i.e., at the steady-state
condition. From Equation (32) v, can be calculated as

a function of current density. This equation will be
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employed in part of this work. Bockris and Mattson (10)
concluded that if the Tafel slope observed in the deposi-
tion of divalent cation is less than, or equal to, .0295V.
at 25°C, the rate-determining step cannot be a transfer
process, Therefore, if this condition prevails, surface-
diffusion should be applied according to the above
equations., Evidence has been given (10) which makes it
appear likely that ions transfer to surface planes and
diffuse along the surface to the growth sites; that if
the overpotential and the density of growth sites are
sufficieﬂtly small, surface diffusion controls the rate;
and finally, that rate-controlling surface diffusion
turns into rate-controlling charge-transfer at higher
overpotentials., It was also assumed (14,15) that
relatively nigh concentration of cuprous ion, in copper
deposition, might cause surface-diffusion to be control-
ling. Therefore, in the case of electrodeposition of
copper under conditions where surface-diffusion is
likely to be rate-controlling, the following mechanism
may be expected (14)

+
Cu++ + € ———s Cu

+ fast

Cu + e >

Cu(Adion)
Cupgion) ——> CY(1attice)

The last equation will be relatively slow, and will conse-

quently determine the overall reaction rate.




15

The Effect of Organic Additives on Overpotential During
Copper Deposition

During the development of modern eléctroplating
practice, it was found that the inclusion of small amounts
of the proper addition or brightening agent in the plating
bath results in marked changes in the nature of the deposit
obtained from the bath. In most cases addition agents are
“used to obtain smooth bright deposits although they may
also be used in some cases to improve other physical pro-
perties. In the case of additives that result in a large
jncrease in cathode overpotential, it is generally believed
that the increase in overpotential is mainly caused by the
adsorption of the additive on the cathode surface (17,18,19,20).

In metal deposition, it is generally believed that |
an overpotential increment, due to the adsorption of addi-
tives, arises from a partial blocking of the electrode,
resulting in an increased current density on the uncovered
fraction, hence, a corresponding increase in overpotential
(21). Therefore, if a fraction © of the cathode surface |
is covered by adsorbed additive, and if electrodeposition
proceeds on the uncovered surface only, the true current

density acting on the uncovered portion will be increzsed

from i to i/(1 . g)+ The true current density with addi-

tive, i', is therefore related to the true current density

without additives, i, by

~
W
W
S’

i' = 1] 0 emeemecae-

1 -8
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If the charge-transfer reaction remains rate-deter-
mining, the relation between the overpotential in the '
presence of additive rr and the corresponding true

current density i' can be described by the Tafel equation:

nt

i

a 4+ b1lni’

or

[]' = a + b 1ln 1ie ------- (34)

Since, in the absence of additive, the ovefpotential is
related to the true current density i by equation (18),
an expression relatingzxr], the overvotential increment,
to the fractional surface coverage € cz2n be obtaired by

subtracting equations (18) from (3&), to give

Arl = b 1n _(T_l___eTy ------- (35)
This equation, based on the simple blocking theory, has
been used for investigating the hydrogen overpotential at
solid electrodes (19,22), It is also oresently accepted
in interpreting overpotential snerements caused by addi-
tives (25). Generally, equation (35) is expected to be
valid for additives which adsorbd randorly on the electro-
lytically active sites and behave primarily as an inert
blanket on the electrode. '

Electrosorption of Organic Additives from Seclution

An understanding of adsorption at the electrolyte-

electrode interface is necessary for understanding the
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behavior of surface-active additives during electro-
deposition of metals., Additives in the form of neutral
molecules or ions are adsorbed either physically or
ohemic%lly at the.electrode. The reason that sﬁrface-
active additives adsorb at an interface is because of a
decrease in their free energy resulting either from
increésed bondihg energy at fhe interface or because
they otherwise find a lower free-energy'ényironment at
the interface than in solution. Numerous studies of adsorp-
tion oflorganic additives on mercury elecfrodes have been
reported (23,24,25,26,27,28,29), where the extenf of ad-
~ sorption can be normally determined from electrocapillary
_measurements. Recently; radiofracer methods have been
widely used in studying the electrosorption of organic
adoitives at solid electrodes (30,31). These eleotro-
sorption ﬁeasurements were conducted in a potential regiono
which allows no charge transfer or other reaction at the
electrooo. _The only difference between electrosorption
and solution-phase a2dsorption is that the former is
potential_dependéht. Accordingly,‘a gréat’déal of in—'
formation can be obtained from solution-phase adsorption
"studies (32) oartlcularly concerning the adsoroa0111ty
of addlglve and the type of bondinzg tetween adoltlve and
vsurface. For adsorption from solutlon, the.eXtent of -
adsorptioh depends on the solubility of -the additives

‘(33). Generally, the lower the solutbility, the -higher
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the adsorbability (34).

Adsorption from solution is influenced by inter-
actions between the metal, the organic compounds, and the
solvent, both on the surface and in the bulk solution.,
Competition between solvent and additives for the electrode
will therefore occur. The equilibrium between adsorbed
additives on an electrode surface and additives in the
bulk solution can be described in the customary way by
an adsorption isotherm. A great deal of information can
be obtained from gas-phase adsorption studies (35,36) if
it is borne in mind that the ma jor difference between
gas-phase and liquid-phase adsorption is merely that the
substrate surface is bare in the former and solvated in
the latter. It follows that isotherms originally derived
for gas-phase adsorption can be apprliad to liquid-phase
adsorption., In this study as a first approximation, the
Iangmuir-type isotherm has been applied and found useful,
The Langmuir-type isotherm for adsorption from liquid .
phase has been developed by Bockris (34,37) and used by
several other authors (30,33,34). It has the following

form:

n-1
8 . [ + n(i-8)] = XC = C e
(1-8)" n 5¢5

n

where 8 is the fractional surface coverage, K the adsorb-
ability of equilibrium constant, C the bulk concentration

0
of addltlve,ﬂsGa the apparent standard free energy of
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adsorption, and n the number of water molecules displaced
per molecule of adsorbed additive. When n is unity,

equation (36) reduces to the usual Langmuir isotherm

0
8 - k¢ = ¢ D6y /RT

1-6) 555




CHAPTER II
EXPERINVENTAL

Electrolytic Cell & Overpotential lMeasurements

Cathodic overpotential measurements were made with
an H-type electrolytic cell shown schematically in Fig. 2.
In constructing this cell, two essential features were con-
sidered. First, it was necessary to avoid any possible
IR drop between the non-working reference electrode and
the cathode. Secondly, it was necessary to prevent shield-
ing of the surface of the working electrode from access of
‘polarizing current by the Luggin probe. Accerdingly, the
cell was designed as a specially constructed glass H-cell
connected to a reference electrode as shown., The refer-
ence attachment consisted of a copper electrode and
standard solution connected to the cathode compartment by
means of a Luggin capillary. The Luggin tip was designed
to give a ratio of outside to inside diameter of about 2,0
(38). The cathode was fitted snugly into the reference
attachment and was brought close to the Luggin probe at
a distance of about 2mm and at about 0.5 cm of the bottom
of the cathode as shown ir Fig. 2. The counter electrode
was arranged to achieve a cylindrically symmetrical'field
at the cathode, by having it at a distance from the

20
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Figure 2

Electrolytic Ceil

Cathode

Luggin probe
Teflon sleeve
Reference electrode
Anode

Teflon cap




Fig.




22
cathode appreciably greater than the diameter of the cathode
(38).

According to this arrangement, the essential factors
that determine the IR drop between cathode surface and
Luggin tip are the radius of the cathode and the resistance
of the solution., A thin copper rod of 2mm diameter, and
high conductivity solution (1 mole/i stou) were used,
making the IR drop negligibly small.

The IR drop was measured experimentally from the
transient build-up of the overpotential for all the addj-
tive-containing solutions as well as the standard solution;
the values were found to be in the order of 3+ 2mV in all
cases,

The electrical arrangement for overpotential measure-
ment is shown in Fig. 3. Current for electrolysis was
supplied by a Harrison Regulated Power Supply iodel 6201A.
The current was measured with a three-range Weston lodel
931 milliammeter accurate to one percent.

Three types of overpotential measurement were made
in this work, The first measurement, at the beginning of
electrolysis, was to follow the build-up transient of
the overpotential from which the IR drop and the capacity
of the double layer were obtained. A cathode ray oscillo-
Scope, Tektronix type 535A with D plug-in unit, and a
Specially designed high speed switch, using Northern

Electric Relay type NE275E, with 2 rise time of about 1fMsec.

\
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(10) see Fig. 3, were used for this measurement. Secondly,
a Sargent vodel SR Recorder was used to measure the over-
potential as a function of time until a steady-state value
was attained. Generally, the time required for attaining a
steady-state overpotential was less than an hour (30-45
minutes) in all the experiments except for those where
depolarization took place. In the latter, thevsteady-
state overpotential was attained more slowly, usually in
about 1% hours. After a steady-state was attained, the
overpotential was measured with a Leeds & Northrup type
K-2 potentiometer in conjunction with a Weston standard
cell, 1,01925 Volts, and a G.M. Laboratories galvanometer,

At zero current, the cathode overpotential relative
to the reference electrode was 2zero. During current flow
between the cathode and anode, the cathode potential be-
comes more negative, whereas the potential of the non-
working reference electrode remains unchanged as no
current passes through it. Thus, the cathode potential
measured relative to the reference represents the cathode
overpotential during current flow, In investigating the
effect due to the additive, the H-cell shown in Fig. 2 was
filled with standard solution containing additive, whereas
the reference cell contained the same solution with no
additive. Under these circumstances, since the potential
of tThe reférence electrode remains unchanged, any increase

in overpotential of the cathode will be.due primarily to
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‘Figure 3

Circuit Diagram
Single-pole single-throw manual switch.
Double-pole double-throw manual switche.
Microswitch. |
4 watt, 500 ohms variable resistance.
2 watt, 250 ohms variable resistance.
4 watt, 5k ohms variable resistance.
1 MFarad capacity.
90 yolts battery.
Northern Electric mercury relay type NE-275B.
Power supply, Harrison model 6201A.
Weston three-range milliammeter,
Cathode Ray Oscilloscope, type 535A.
Potentiometer, Leeds & Northrup type K-2,.
Recorder, Sargent lModel SR,
Anode.,
Reference electrode.

Cathode.
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the influence of the additive.

Overpotential measurements at different current
densities were obtained, after the steady-state overpoten-
tial was first attained at 20 mA/bmz, by reducing the
current in two-milliampere steps from 20 mA/cm2 to
2 mA/me. The time required for steady-state at each
new current density ranged from two to five minutes.

After the measurements were completed, the solution
was discarded and the cell was first rinsed with K¥nOy and
conc. H,SO, followed by a thorough rinsing with distilled
water, Tﬁe second rinse was with a solution of HNO3 and
HZOZ and then again a rinse with distilled water. The final
rinse was done with double distilled water and then followed
with triple distilled water until no change in conductivity
of the rinse water was observed. The cell was finally dried

at 120° in an oven for at least 4 hours,

Preparation of the Solution

Electrolyte containing 0.5l CuSO; and various conc.
of stou was used és standard solution. The copper sulfate
pentahydrate was Fisher Scientific Co. Certified Reagent
grade. Reagent grade sulfuric acid (Shawinigan Chem. Co.)
was used. Triply distilled water was used for all solutions.,.
The initial distillation of the centrally supplied water

was done in a Corning Still, Model AG-2. To remove oY

destroy possible surface-active impurities, the distillate

was redistilled from zcidic sodium dichromate solution
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directly to the distillation vessel from which the final
distillation was done. The second and third distillations
were done in all-glass apparatus. The triply distilled
water obtained by this method normally gave conductivities
of about 10'6 ohm-l, which was considered to be of suffi-
cient purity for present purposes.

To investigate the effect of organic additives on
the cathode overpotential in copper deposition, the desired
amount of additive was added to the standard solution. The
final concentration of the solution was 0, 5N CuSOu, 1.0M
HZSOu and the required concentration of additive.

The a2dditives were of reagent grade and most of
them were subjected to further purification. Purifica-
tion procedures were chosen in accordance with the type
of organic compound and its condition. Only one of the
additives, thiobutyric acid, was prepared in this labora-
tory. If was doubly distilled, and a fraction was collected
to agree with the literature (39). With the exception of
thioacids, mercapfo acids and thiols, the addition agents
were added directly to the standard solution immediately
before use. Thioacids, mercaptoacids and thiols were
added from a concentrated solution prepared from the addi-
tive and triply distilled water. This avoided the for-
mation of gummy precipitation products when liquid addi-

tives were added to acid copper sulfate solution.
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Preparation of Electrodes

The cathode and anode were copper rods of 2mm
diameter. Both electrodes were mounted vertically by
slipping through Pyrex glass tubes (7.5mm 0.D., with
12/2 bvall and socket joint) which formed part of the
male joints as shown in Fig. 2. The reference elec-
trode was a copper rod 2mm in diameter and coiled in
a spiral to allow a maximum area to be in contact with
the solution. The vertical part of the reference
electrode was mounted in a piece of Teflon, which in
turn was fitted snugly into the reference compartment
(see Fig. 2). The required surface area of the cathode
for electrodeposition was fixed by enclosing a part of
the cathode in a tightly fitting Teflon sleeve. The
apparent geometrical area of the cathode was 1cm2 for
all experiments.

Before each electrolysis the electrodes were
cleaned with 1:1 nitric acid for 60 seconds and then

washed thoroughly with triply distilled water. The

for electrolysis.

Temperature Regulation

Control of the temperature was achieved by
immersing the electrolytic H-cell up to the solution
level in a temperature-regulated water bath. A thermo-

meter-type Sargent thermoregulator operating a 500 watit
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heater element controlled the temperature., The bath was
stirred by bubbling a stream of air through it. The
temperature of the water bath was maintained at 25°i 0.5%.
All the overpotential measurements were carried out at this
temperature.

Organic Additives Used

The effects of thirty-five organic compounds on
the copper electrodeposition were studied, These com-
pounds can be divided into four groups, according to
their functional group; Each group can be divided
further into classes according to the following scheme.
Group One: - MNonocarboxylic acids

Propanoic, Butanoic, Pentanoic, Hexanoic,
Heptanoic and Octanoic acids.

- Dicarboxylic acids
Propanedioic, Butanedioic, Pentanedioic,
Hexanedioic, Heptanedioic, Octanedioic,
Nonanedioic acids

Thioacids

Group Two:
Thioacetic, Thiopropionic, Thiobutyric acids
- Mercaptoacids
Mercaptoacetic, Mercaptopropionic, Nercapto-
butyric acids
- Thiols
1-Ethanethiol, 1-Propanethiol, 1-Butanethiol
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Group Three: - Diols
1,2 Ethanediol, 1,3 Propanediol, 1,4 Butane-
dioi. 1,5 Pentanediol, 1,3 Butanediol, 1,6
Hexanediol.

Group Four: - Cyclohexane derivatives
Cyclohexanecarbcxylic acid, 1,2 cyclohexane-
dicarboxylic acid, and cyclohexanol.

- Benzene derivatives

Phenol, Benzoic, Phthalic, Isophthalic acids.




CHAPTER III
RESULTS & DISCUSSION

The organic compounds used will be divided into
four groups, as indicated previously, and the results and
discussion of each group will be dealt with separately.
A1l overpotentials reported in this work are steady state
total values unless otherwise stated. ’

PART T

Behavior of the Standard Solution

1) Results:

Generally, the term standard solution denotes
acidified or non-acidified CuSOQ, solution without addi-
tives. In Groups One, Three and Four, the standard solu-
tion was 0.5N CuSQ, and 1.0M stou. In the case of Group
Two additives the standard solution had the same amount
of CuSOu, but the sulfuric acid concentration varied
between zero and 1.0l stou.

The total cathode overpotential for the standard
solution (0. 5K CusSO,, 1.0K H,S0,) at 25+,1°C and 20 mi cm_
was 100+ 5 millivolts which satisfactorily agrees with
values obtaiﬁed elsewhere (17,18,40,41). Typical over-

potential-time relations for the standard sclution (0O, 5l

30

.
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CuSOy, 1.0l stou) are shown in Fig. 4.

Relation Eetween Overpotential & Current Density for
Standard Solutions

The relation between activation overpotential q A
and current density is given, for the rate-détermining
charge-transfer reaction; by Equation (14). i.e..

i = ij [exp(occ r]AZF/RT) - exp(-e<, F]AZF/RT)]
(14)
where o , is the cathodic transfer coefficient and=’<'a is
the anodic transfer coefficient. For“]|:>bo mV (10),
for divalent ions, Equation (14) can be simplified to
the Tafel equation (18),
q = a + b 1lni (18)

The experimental steady-state overpotential was
plotted against 1n i, for 0.5% CuSOy and 1.0K stou, for
both cathodic and anodic overpotentials as shown in Fiz. 5.
The numerical values are given in Teble 1a. The r] - 1lni
diagram showed a good linear Tafel relation, both for
cathodic and anodic curves. The io - values obtained by
extrapolation of the Tafel line to q = 0 were the same
for dissolution and deposition. The transfer coefficients
were calculated according to Equation (16). The results
of or < g igs beo and by, are ziven in Table 1b. These
results obtained are in agreement with those calculated

theoretically for charge-transfer as a rate-determining

step (10,12,13).
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Figure 4
Overpotential-time relation (r]vs. t) for copper deposition
fromO.5M CuS0O;, & 1.0M H,S0y,
a standard solution (Run 1)

b _ standard solution (Run 2)
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Figure 5

Overpotential-current density relation (r]vs. 1In i)

0.5M CuSO,, 1.0M HySO, (cathodic)(Run 1)
0.5M CuSOy, 1.0M HySOy " (Run 2)
0.5M CuSOy, Nil H,S0y "
0.5M CuSOy, «1M HpSOy "

0.5M CuSOy, «25M HpS0y, "
0.5M CuSOy, «5M HySOy "
0.5M CuSOQy, «75M HpoSOy "
0.5M CuSOy, 1.0M HpSOy "
0.5M CuSOy, 1.0M HpSOy, '

0O 0O oo & W N B o P

0.5M CuSOy, 1.0M HoSOy (anodic)
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Table 1la .
Overpotential-current density relation for copper deposi-

tion from standard solution 0, 5N CuSOu + 1.0M HZSO4

T = 259
Current dgnsity Anodic Overpotential Catho@ic _
(mA/cm<) (mV) Overpotential (mV)
v Run 1 Run_2
20 34 102 100.0
18 32 97 ok L
16 30 90 88.0
14 28 84 80.7
12 25.5 76 76.6
10 24 68 65.0
8 20 59 sS4 4
6 18 L2 hi.2
L 14 28 28,0
2 10 17 17.0
Table 1b
b, Ea_ i, cathodic & anodic o c wa ot ¥ ootg

50 19 2.44 .58 1.52 2.10
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THe value oLa + ch corresponds to the number of
electrons involved in the overall electrochemical process,
which is equal to two in this work. The fact that the anodic
and the cathodic transfer coefficients are different in this
work suggests that the rate-determining step involves some
other transfer process than two electron-transfer process
(10,13). This will be dealt with further in the discussion
section.

The overpotential-current density relation was
also determined for standard solution with 0.5} CuSOy
containing 0.0, 0.1, 0.25, 0.5, 0.75 and 1.0M sulfuric
acid respectively. The results are shown in Fig. 5(1-6).
It can be seen that the Tafel region increases with in-
creasing sulfuric acid concentration. The steady-state
overpotential, at 20 mA/bmz, and the exchange current
density of the above standard solutions are given in

Table 2,

Double lLaver Capacity leazsurement with Standard Solution

A standard method of measuring double layer capacity
follows the fact that the initial slope of the overpotential

build-up curve is proportional to the inverse of the capacity.

at

A time scale of 10 to 25 }jsec and a vertical scale of
10 mV were employed for evaluating the initial tangent in

the measurement of Cdl' Using the fast rise time switching
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Table 2

The overpotential as a function of sulfuric
acid concentration for copper deposition from O.5M CuSOu
T = 25%
Current density = 20 mA/cm2

Sulfuric acid Overpotential Tafel Slope b .

concentration (mole/1) (mV) (mV) i (ma/em?)

0.0 50 39.13 ,4.75
0.1 88 52.85 3.16
0.25 91 L8.94 3.32
0.5 98 Lg9,00 2,35
0.75 100 Lg,92 2,30
1.0 100 Lg,02 2,29
2,0 104 52,00 -
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circuit, the conditions for accurate estimation of C4p were
achieved. The values of Cdl obtained for standard solution
(0.5 CuSOy, 1.0M H,SO,) were in the order of 72+ 8 fLF/:mz.
These are in satisfactory agreement with the results obtained
from overpotential build-up measurements by Bockris & Con-
vay (10,12),

2) Discussion

vechanism of Copner Deposition from Standard Solution -
(0.35M CuSOy, 1.0 H,S0,)

The mechanism of copper deposition from standard
solution without additives has been studied previously
(L0,12). In this work the proposed mechanism was examined

and confirmed to be as follows

Cathodic
Cu2+ + e slow cut
cut  + e fast_  Cu°
Anodic
Cu fast cut o+ e
cut slow, Cu’ + e

As shown in the preceding results the experimentally-found
Tafel lines apﬁeér consistent only with a charge-transfer
step. Because of the equality of i, as obtained from

anodic and cathodic Tafei—lines, it may be concluded that
the same rate-determining process is effective for deposi-

2
tion and dissolution. DBecause the Cu + jon would be more

difficult to.discharge than the Cu+, due to the greater heat
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) 2+ '
of hydration of-Cu , and also, because of the experimentally
calculated values of o and X two-electron charge-

transfer may be ruled out as a possible rate-determining
step. ) _
cu't + 20 = cu°

A comparison of theory (10,42) and experiment, assuming

. charge-transfer is rate-determining, is shown in Table 3.

Table 3
Comparison of theoretical and experimental transfer
coefficients according to model of rate-determining

. 2+ +
reaction: Cu + e =X Cu

Values calculated Experimental
theoretically values
o o (cathodic) 0.50 0.512
“a'(anodic) 1.50 1.510
2,00 2,022

oo * ety

Therefore, at a current density higher than 6 mA/cm

i.e., where the Tafel-relation is applicable, see Fig. 5,
the rate-determining step of copper electrodeposition is
‘the charge-transfer reaction described by equation (1ik),
and the mechanism of the copper deposition can be repre-

sented by the equations on page 37.

The Effect of Sulfuric Acid Concentration on Copper Deposi-
tion from 0,5k CuSO,

As shown by the results in Table 2 for solution

containing 0.5 CuSO, and no added acid, the steady-state
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overpotential was comparatively small, and the deposit was
coarsely crystalline, Fig. 30. Addition of acid caused
an appreciable increase in overpotential, but a change
from 0.25 to 2.0M HZSO4 caused only a relatively small
further increase and the deposits formed were finely
crystalline. While all the acidified CuSOu solutions
gave almost the same Tafel slope, 0.5 CuSOu with no
acid gave a relatively small Tafel slope. Furthermore,
the Tafel-region was much more restricted to high current
densities.

If has been argued that if the Tafel slope observed
in the deposition of a divalent cation is less than or
equal to 0,0293V at 25°C, the rate-determining step can-
not be a charge-transfer process (10). Accordingly, for
0, 5M Cu804 with no acid, and at low current density, where
the Tafel slope is <C.0293V, the mechanism and the rate-
determining step cannot be entirely charge-transfer.
However, it is most likely a mixed step in which surface
diffusion will contribute to the total overall process.

Therefore, the total overpotential for 0.5l CuSOu, 0,0M

H.SO can be written as

2 74
r‘total = r]transfer + q surf. diff.
------- (39)
where
., 2.2
= RTi/ZFi_ & r\ = RTi/2 F V
r]transfer o surf. diff, °

with V0 the surface diffusion flux (6).
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Equation (39) is another form of expressing Equation (32),

and it can also be rewritten as follows (13):

= 1 <+ iO ——————— Lo
Htotal AR (40)

qtransfer
It can be seen that if ZFV0 :>> io' the charge-transfer
process will prevail, and if ZFVO<<: i,» surface diffusion
will dominate. |

It should be noted that i, as extrapolated for
0.5K CuSO, 0.0 H,S0y, is considerably greater than that
obtained for acidified solution. This fact together with
the low. overpotential, the low value of the Tafel slope,
and the large region of inapplicability of the Tafel
relation, is consistent with a mixed overpotential (13),
j.e., mixed rate-determining step for copper deposition
from neutral 0.5k CuSQO, solution. The reasons for this
behavior might possibly be the following: In non-acidified
solution the copper ion concentration appears to be suffi-
cient to permit it to diffuse rapidly into the cathode
film and thereby prevent excessive overpotential (43).
Since there are no other positively charged ions to
compete with the copper ions in occupying the cathode
film, sufficient su?ply of the copper ions will be
maintained. This will lead to an increase in the adion
concentration C_4» Eonsequently, the rate of removal of
adjons from the surface will be important, and the sur-

face-diffusion will be an important factor in controlling
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the electrodeposition and lower overpotential will be
expected.

In the case of acidified CuSOu solution, the in-
crease in the overpotential is due not only to a decrease
in the activity of the copper ion in the cathode film, but
also to a considerable increase in the concentration of
more electropositive hydronium ions., It is also possible
that the added hydronium ions in some way inhibit the
deposition, consequently increase the ovérpotential, but
it is doubtful whether this inhibition could arise purely
as a result of physical bdlocking in view of the small size
and high mobility of these ions. On the other hand, it
is possible that unhydrated hyrogen ions could be chemi-
sorbed on the metal surface. The bond strength Cu-H has
been estimated to in the order of 60Kcal/mole (44).

At high concentration of copper ions in the cathode
film and at low overpotential, parallel crystal growth

will be expected (43). This was observed for 0.5M Cuéou,

0.0M H SO, .
2 L
In the case of acidified CuSOu. reduction in the
grain size was observed, due undoubtedly to the inhibition
effect of the hydronium ions and the decrease in the activity

of the copper ions in the cathode film, leading to enhanced

nucleation,

Surface Diffusion Flux as a Function of Current Density
for Copper Deposition from 0.5 CuSQ,, 0.0 H>SOj

Values of Vo’ the surface diffusion flux were found
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to be a function of current density, according to equation

(32).
] (32)
(o]

The surface diffusion flux was calculated from the above

3
’11}-“ .
<

N-mls ¢

equation at different current densities. The numerical
values are given in Table L.

The value of the exchange current density i,
extrapolated from the Tafel line for 0.5K CuS0y,
0.0 H,SO, is 0.00475 A/cmz(see Table 2)}. In comparing
i, and ZFV,, and by applying equation (#0), the reaction
mechanism as a function of current density for copper
deposition from 0.5l CuSOu can be summarized as shown
in Table 5.

It should also be mentioned that the fraction
of growth sites, which are active, increases with the
current density. Therefore, the effective average path
length through which an adion has to move decreases, i.e.,
the rate of surface diffusion for a given adion concen-
tration increases and, hence, the tendency to rate control

by surface diffusion decreases (8,23).
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Table U
Surface diffusion flux as a function
of current density i
for 0.5M CuSOy
i (A/cmz) ZFV (A/cmz) log i Log ZFV
.020 - - 1.698 ' -
.018 . - 1.7k -
.016 - -1.795 -
.01k V1324 - 1.853 - .8781
012 ,0628 - 1.920 - 1,202
. 010 . 0266 - 2,00 - 1.575 .
. 008 0155 - 2,095 - 1,809
« 006 ,00883 - 2,221 - 2,054
. 004 00523 - 2,397 - 2,281
002 . 00259 - 2,693 - 2,586
Table 5
The reaction mechanism as a function of current density
for 0.5% CuSOu, 0.0 stou
Cvrrent density mA/bmz Vechanism
2 < i<k Surface diffusion predominates
L, < i1 <<b ‘ Transfer & surface diffusion
i >k Charge-transfer predominates



PART II

Results & Discussion, Group I Addition Agents

1) Results:

A series of straight-chain monocarboxylic and di-
carboxylic acids were studied to determine their relative
effectiveness in increasing the cathode overpotential.,
The purpose was to examine the effect of the number of
functional groups present in the additive molecule, and
the effect of the size of the hydrocarbon poftion of the
molecules. Due to the fact that there is an alternation
in the béhavior of the dicarboxylic acids with increasing
number of methylene groups, the effect of variation in
the structural relation between the two carboxyl groups
was also considered,

Variation of Overpotential with Time & the Overpotential-
Current Density Relation

Typical cathodic errpotential-time relations for
some of the additives of Group I are shown in Fig. 6.
Typical overpotential-current density relations are
shown in Fig. 7. The values of the Tafel slopes as
determined from these plots are given in Table 6. These
are seen to be nearly the same, 52+ 1imV, whether or not
additives were present. Therefore, in the current
density region where charge transfer is rate-determining,
mono- and dicarboxylic acids appear to have no signi-
ficant effect on the kinetics of copper depcsition. It

was found that in some cases the experimental Tafel slope

Il
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Figure 6
Variation of overpotential with time (r}vs. t)

Curve 1 7.49 x 10'3M octanedioic acid

2

Curve 2 1.0 x 10" °M heptanedioic acid

Curve 3 2.5 x 10"7N heptanoic acid
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Figure 7

Overpotential-current density relation (rlvs. 1n i)

Curve 1 2.5 x 10~ heptanoic acid
Curve 2 1.0 x 10~2y heptanedioic acid

Curve 3 7.49x% 10”3M octanedioic acid
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Table 6 |
overpotential-current density relation for copper
depostion from standard solution with additive
T = 25%
Current density
(mA/cm?) Overpotential (mV)

2.5x10-3M/1 1.0x10"2M/1 7.49x10-3M/1
Heptanoic Heptanedioic Octanedioic

20 172.5 192.0 195
18 164.0 . 186.4 190
16 156.8 180,8 186.,0
14 151,0 173.0 176.0
12 142,0 165.4 168,0
10 134, 5 157.4 160.0
8 118.5 145,0 148.0
6 103.5 130.0 133.0
L 81.0 108.0 111.0
2 Lé.0 68.0 71.0°

Tafel Slope 52,0 52.5 52.5
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differed from that given previousiy. However, correcfion R
for the IR drop ‘brought these values within the theoretlcal
50+ 1mV value. The overpotential 1ncrement, [XI] , was ob-
tained by ‘subtracting the overpotential w1t@ standard_sol&-

tion from the overpotential with solution containing additives.

Ovefpotential Increment as a Function of Additive Concen-
tration

The overpotential ihcreﬁeﬁt. A q, is shown as a
function of additive concentration for straight-chain
monocarboxyllc acids in Fig. 8. Numerical values are
given in Table 7. A diecrepaney of about i 10% was ob-
served between the cathodic overpotentials ebtained for
the staﬁdard solution containing prozanoic, pentanoic
and heptanoic acids and resulis ebtained previously (40).
However,_this discrepancy can.be attributed to the differ-
ent technique and malnly to the different type of cell and
electrodes used (8).

Another factor that might contribute to this dis-
crepancy is the time at which the steady-state was assumed
to belreached. While it was.consi ered as attained in &5
minutes in this work, it was assumed to be attained¢ in
several hours in the work done previeusly (Lo).

.\The overoo»entlal increments Ior dicarboxylic
acids with an odd number of carbon atoms (CHN ci) (pro-
panedlolc, oentanedlolc, heptanedioic and nonanedlolc

acids) and an even numter of‘carﬂon atoms (UNC ) (ouuane—.

dioic, hexanadioic, and octanedioic) are shown as a
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Figure 8

Overpotential increment as a function of additive
concentration
monocarboxylic acids

Propanoic acid

Butanoic acid

Pentanoic acid

Hexanoic acid

Heptanoic acid

Octanoic acid

Propanoic acid (smoothed)

Butanoic acid "

Pentanoic acid "

Hexanoic acid

Heptanoic acid

Octanoic acid
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Table 7
Overpotential as a function of additive concentration
monocarboxylic acids

Current density = 20 mA/'cm2

T = 259
(a) Propaznoic acid
Additive concentration Overpotential
(mole/1) Increment (mV)
1.0x1071 36
2.5x10" " 62
5.0x107 1 102
7.5x10" 1 140
1.0 164
(b) Butanoic acid
Additive concentration Overpotential
(mole/1) Increment (mV)
2,5x1072 2L
5.Ox10'2 38
1.0x107 1 88
2,5x10°% 140
3.5x107t 168
(¢) Pentanoic acid
Additive concentration Overpotential
(mole/1) Increment (mV)
7.5x10™° 20
2.5x10-2} 68
5,0x102 110
7.2x107% 140
1.0x10°} 168
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Table 7 (continued)

(d) Hexanoic acid

Additive concentration Overpotential
(mole/1) Increment (mV)
2.5%1073 22
5,0%x10™2 | w3
1.0x10‘2 84
1.5x107% | 120
2.5x1072 150

(e) Heptanoic acid

Additive concentration Overpotential

(mole/1) Increment (mV)
1,0x10°3 32
2,5x103 72
5,0x107° 110
7.5x10"3 150
1,0x10"> 160
1.6x1072 170

(f) Octanoic acid

Additive concentration Overpotential

(mole/1) Increment (mV)
5.0x10'l’L 37
8.5x10_u 82
1.5x1077 110
2.3x107° 146

4,9x10"3 184
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function of additive concentration in Fig. 9., Numerical
values are given in Table 8,

Figure 8 indicates that the overpotential incre-
ment increases with increasing concentration of the addi-
tive. At a given concentration, the overpotential incre-
ment increases with the length of hydrocarbon chain of the
additive molecule,

In the case of Fig. 9, the overpotential in
general increases with increasing concentration of normal
dicarboxylic acid. However, the overpotential effect of
increasing the hydrocarbon chain length is seen to alter-
nate, This alternation can be seen most clearly in the
first four members of this homologous series. The dicarbo-
xylic acids with an odd number of carbon atoms (CONCA)
(propanedioic, pentanedioic), caused a greater over-
potential increment than their next higher homologues
with a2n even number of carbon atoms (ENCA), butanedioic,
hexarnedioic., The alternation effect is less pronounced
in the higher homologues of this series,

From Fig. 8 & 9 the overpotential increment of
the first four acids of the dicarboxylic series can be
compared to the corresponding acids of the monocarboxylic
series, The effectiveness on increasing the cathodic
overpotential of copper deposition is as follows: di-
carboxylic acids with (ENCA) <monocarboxylic acids<:

dicarboxylic acids with (ONCA),
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Figure 9

Overpotential increment as a function of additive
concentration

dicarboxylic acids

Butanedioic acid
Hexanedioic acid
Octanedioic acid
Propanedioic acid
Pentanedioic acid

Heptanedioic acid

OO0 » o e @

Nonanedioic acid
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Table 8
Overpotential as a function of additive concentration
dicarboxylic acids

T = 25°%

Current density = 20_mA/cm2

(a) Propanedioic acid

Additive concentration Overpotential
(mole/1) Increment (mV)
-2
5.0x10 56
7.5x1072 60
1.0x1071 85
5. 0x10_1 25
705}(10‘1 23

(b) Pentanedioic acid

Additive concentration Overpotential
(mole/1) Increment (mV)
1.0%10 2 58
2,5x1072 110
5.0x1072 164
7.5X10-2 186
1.0x107} 200

(c) Heptanedioic acid

Additive concentration Overpotential

(mole/1) Increment (mV)
2.5%10"3 ol
5.0x1073 10
1,0x10"% 92
2.5%x107% 154
5.0x1072 200

7.5%x10"2 214
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Table 8 (continued)

(&) Nonanedioic acid

Additive concentration Overpotential
(mole/1) Increment (mV)
1,0x10°7 75
2.7x10°3 137
5,0x1077 156
8.0x1073 190
1.0x10"2 200

(e) Butanedioic acid

Additive éoncentration Overpotential

(mole/1) Increment (mV)
2.5x10™2 28
5,0x10™2 Lyl
7.5x10°2 56
1.0x1071 70
2.,5%x107 1 ' 159

(f) Hexanedioic acid

Additive concentration Overpotential
(mole/1) Increment (mV)
7.5x107° 34
1.0x107% 4o
5.0x107% 120
7.5x1o'2 138

1.0x1o'1 168



Table 8
(g) Octanedioic acid

Additive concentration
(mole/1)

1.13x107°
2.6x10™2
5.0x107°

7.14'9:,(10'3

1.0x10-?

(continued)

Overpotential
Increment (mV)

26
ko
74
95
114

56
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2) Discussion:

The regular increase in adsorption of aliphatic
monobasic acids at a given concentration on ascending the
homologous series has long been known, both in regards to
adsorption at solution-air (45) and solution-solid (32,46)
interfaces., For dicarboxylic acids the behavior of adsorp-
tion on ascending the homologous series is different than
that of the monoacids because of the well-known alternation
in the properties which depend on whether the chain con-
tains an even or an odd number of carbon atoms (32,47,48)
(see Fig.'lo). The relative position of the two carboxyl
groups in the divasic acids are trans-configuration with
an even number of carbon atoms and cis-configuration for
acids with an odd number of carbon atoms (as shown in
Fig. 11).

Since the adsorbability depends to a large extent
on the additive solubility, the amount of adsorption in-
creases as the solubility of the adsorbate decreases (43),
and since there is alternation in the solubility of the
dibasic acids, therefore, alternation in the adsorbability
can be expected. Dibasic acids with an even number of
carbon atoms (EZNCA) are less soluble than dibasic acids
with an odd number of carbon atoms (ONCA). Accordingly,
the former would be expected to have a higher adsorbabi 1ity
compared to the latter compounds, which 1is the opposite

of that found experimentally.
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Figure 10

The change in maximum adsorption of dicarboxylic acids

with the number of carbons in the chain on charcoal

This figure was taken from the original reference(47).
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Figure 11

Cis & Trans-configuration of the dicarboxylic acids
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onocarvoxylic and dicarboxylic acids apparently
adsorb with the carboxyl group toward the metal surface. This
assumption has teen supported experimentally by observing the
formation of oleophilic film which is not wet by the solution
(32,50,51). It has been attributed to the orientation of the
adsorved molecules with the hydrocarbon chain directed away
from the solié surface, therefore forming a hydrophobic film
on the metal surface. In support to this argument are the
results obtained by Lorrison & I'iller (47) for the adsorption
of mono & dicarboxylic acids on charcoal (see Fig. 10). It
was observed (&7) that the adsorption of monocarboxylic acids
was appreciatly greater than dicarvoxylic acids and that the
adsorbability of dicarboxyiic acids was higher for those with
(ENCA) than for those with (ONCA), which is the opposite to
that observed in this study. Accordingly, it can be concluded
that for adsorption of the above compounds on Copper, the
cartoxyl group is most likely directed toward the metal.,
Furthermore, the hydrophotic repulsion btetween water and
the hydrocarbton portion of the molecule will assist the
preferential orientation in which the functional group 1is
directed toward the metal surface.

With the support of this argument, the experimental
results with t he dicarboxylic acids can be explained as

follovs: divasic acids with (ZMCA) have the terminal

carboxyl sroups in trans-cornfiguration, so that their

.

adsorption can only take place by one carboxyl group,

while the dibtazsic acids with (OKCA) have their terminal
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carboxyl groups in cis-configuration, and therefore, adsorp-
tion can take place by two-point attachment. This places
the (ENCA) and (ONCA) of the dicarboxylic acids in two
different categories., Within each category the previously
mentioned observation that the adsorbability increases as
the solubility of the adsorbate decreases, holds true.

Steady-State Overvotentials with lMono- & Dicarboxylic Acids

The steady-state overpotentials are correlated best
with the adscrbability by plotting the overpotential incre-
ment against the reduced concentration C,. which accounts
for the effect due to solubility. The reduced concentration
has been defined as (46,51).

Cr = %s
where, C & Cg are the concentrations of bulk and saturated
solution respectively. A generalized behavior for mon-
carboxylic acids is obtained as shown in Fig. 12, which
indicates that the overpotential increment for a given
reduced concentration is approximately the same for all
the monocarboxylic acids regardless of the chain length.
These results may be compared with those obtained for the
adsorption of carboxylic acids on graphite (45). It is
known generally that the solubility of a hydrocarbon
compound is carbon-chain dependent, thus the longer the
carbon chain, the higher the adsorbability and the lower
the solubility.

Regarding dicarboxylic acids; a plot of the over-




Figure 12

62

Overpotential increment as a function of reduced

concentration for monocarboxylic acids

(Arl VSe Cr)
C = _C_
r
Cs*

Propanoic acid

o

Butanoic acia
Pentanoic acid
Hexanoic acid

Heptanoic acid

® &8 0O O ©»

Octanoic acid

The values of Cgq were taken from t
at 20°C (52, 53 ). Cg for propan
acids were obtained by extrapolati
ber of carbon atoms in the monocar

he solubility data
oic and butanoic
on of C, vs., num-
boxylic acids plot.
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potential increment against reduced concentration is shown

in Fig. 13. For dicarboxylic acids with (ENCA) a general-

jzed behavior was obtained, while for dicarboxylic acids

with (ONCA), it was observed that at a given reduced con-
centration, the overpotential increment decreases with
increasing the hydrocarbon chain length. Thus, for di-

basic acids with (ENCA), the contribution of the carbon-
chain lencgth to the overpotential increment is likely due

to its effect on the adsorbability, ij.e., the solubility.

For dibasic acids with (ONCA), there must be another

factor affecting the overpotential increment besides the
solubility. This will be discussed later. When comparing
Fig. 12 & 13, it will be noted that, at a given concentration,
the ability of carboxylic acids to increase the overpotential
decreases in the following order: dicarboxylic acids with
(ONCA) > monocarboxylic acids ddicartoxylic acids with
(ENCA). These results can bte understood in terms of the
following mechanism and factors affecting the adsorption

of the additives.

It may be assumed, for monocarboxylic acids, that
the polar-group has a higher affinity for the metal than
it does for the solvent, as previously mentioned, and
that the hydrophobic carbon-chain is effectively rejected

by the solvent. Due to this solvent rejection and the

affinity of the polar-group for the metal, the additive
will transfer spontaneously from the bulk of the solu-

tion to the pre-electrode layer, thus making interaction
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Figure 13
Ooverpotential increment as a function of reduced
concentration for dicarboxyiic acids

(AI’] VS, Cr)

Butanedioic acid

-]

Hexanedioic acid
Octanedioic acid
Pentanedioic acid

Heptanedioic acid

O O O e »

Nonanedioic acid
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with the electrode surface possible.

In the case of dicartoxylic acids with (ENCA) with
the two carboxyl groups in trans-configuration, only one
of the carboxyl groups will be able to interact with the
electrode surface. Consequently, the second carboxyl group
will be directed toward the solution, and will in effect be
attracted by the solvent and possibly solvated as well.
Accordingly, a decrease in the adsorption power of the
dicarvboxylic acids with (ERCA) will occur. It may there-
fore be expected that their reactivity will be less than
the corresponding monobasic acids. A factor that might
contribute in increasing the interaction between dicarvox-
ylic acids and the metal surface is the electron-withdrawing
character of the non-adsorbing carboxyl group. This will
decrease the electron density on the adsorving carboxyl
group, therefore leadinz to possible increase in the
adsorbability (29).

In the case of the dicarboxylic acids with (ONCA)
with the two carboxyl groups 1in cis-configuration, a
higher overpotential increment is found at a given re-
duced concentration than that observed with the corres-
ponding monocarvoxylic acids. This can be expected if
we consider the vossibility of two-point attachments.
The lack of generalization in the plot of the overpoten-
tial increment vs. reduced concentration for dicarboxylic
acids with (ONCA) can be attributed to the internuclear

distances between the two cartoxyl Sroups. For propane-
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dioic acid the internuclear distance between the two
carboxyl groups is 2.49 g, calculated from the geometri-
cal model, and for pentanedioic acid, 4.98 g. The inter-
nuclezr distances for heptanedioic and nonznedioic acids
are 7.47 X and 10.96 X respectively. Comparing these
values with the three shortest internuclear distances in
the copper lattice, 2.55, 3.6 and 5.1 g, it can be seen
that propanedioic acid is more apt to form strain-iree
two-point attachments with the copper surface. Pentane-
dioic 2cid follows as another likely possibility in
forming such attachments without strain. Therefore, it
might be concluded that having the <wo carboxyl groups
further apart will decrease the protatility of two-point
attachments. If this assumption can be rade, then the
decreasing value of the overpotential increment 2t a
given concentration of the dicarboxylic acids with (ONCA)
can be expected.

~ The Influence_of Additives of Grouv Cre on_the I'echanisn
of Conper Decrosition

The Tafel slope values obtained for copper deposi-~
tion from standard solution containing mono- or dicarboxylic
acids were found to be of the order of 52 mV, see Fig. 7 (33).
These Tafel slope values do not differ from the values ob-
tained for standard solution, where charge transfer is

rete-dctermining, or from the values calculated theoretically

from equation (19)

(19)

o
it
=3

e

<7

"1_’




67

From these results, it may be concluded that the additives
of Group I‘do not significantly alter the kinetics of
copper deposition, and therefore, the charge-transfer
reaction remains rate-determining. The charge-transfer
overpotential remains, however, a function of true current
density. This means that the additive must affect the
current; i.e. the current density increases as a result

of adsorbed additive, hence charge-transfer overpotential
increases in accordance with the Tafel relation (38).

It is suggested that the blocking of deposit
growth sites by additives results only in an increase in
the overpotential due to increased true current density
in the uncovered portion of the metal surface. This will
speed up the rate of deposition to compensate for this
inhibition due to the adsorbed additives. |

Fractional Surface Coverage

The fractional surface coverage 6, caused by the
adsorbed material was calculated from Equation (35), which
is based on the simple blocking theory. Equation (35) can
be written as

6 = 1 - exp(-Af/v) ------- (42)

For the calculation of the surface coverage 6,

the Tafel slope b was iaken as the experimental 52 mV.

Free Enersy of Adsorption and the Nature of the Isotherm

As a first approximation, the modified Langmuir-
type isotherm (33,34) was employed from which the stan-

dard free enersy of adsorption can be written as
gy I
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AGS = - RTIn 55.5 8 B+n (1 -0)]01

Corg —(1-6)1’1 n

where n is the number of water molecules replaced by one
molecule of the organic additive and is assumed to be
independent of coverage or charge on the electrode. The
standard free energy in the above equation refers to unit
mole fraction of additive or water in solution and on the
surface., Equation (43) corresponds to the isotherm given
in Equation (36).

Taking the theoretical value of n as 2 (34,40)
and using Equation (43), the apparent standard free energy
of adsorption was calculated. A family of parallel [}G:
vs., 8 curves shown in Fig. 14 & 15 results for each type
of carboxylic acid. It is obvious thatl Gz is markedly
dependent on the coverage 6, This behavior is much the
same as that observed by Rockris & Swinkels (3%) for the
adsorption of n- decylamine on copper. The increasingly
negative A‘Gz with increasing 6 in Fig. 14 & 15 is pre-
sumably attributable to a spontaneous and increasing
lateral interaction in the adsorbed phase (34). There-
fore, in stressing the above point, the effect of the
lateral interaction should be calculated.

lLateral Interaction Free Enercy

Equation (36), which is a generzl modification
of the Langmuir isotherm for adsorption from solution

involving solvent displacement, depends for its btasic
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Figure 14

Free energy of adsorption as a function of coverage for

monocarboxylic acids

Propanoic acid
Butanoic acid
Pentanoic acid
Hexanoic acid

Heptanoic acid

o F W NP

Octanoic acid
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Figure 15

Free energy of adsorption as a function of coverage for

dicarboxylic acids

Propanedioic acid
Pentanedioic acid
Heptanedioic acid
Nonanedioic acid
Butanedioic acid

Hexanedioic acid
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Octanedioic acid
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derivation on the assumption that no lateral interaction
occurs in the adsorbed phase (25,34,54). 1In this equation
the adsorption free energy A,G: should therefore be re-
garded, strictly, as independent of coverage 8. However,
the use of this equation in calculating AGZ as a function
of coverage for Fig. 14 assumes the applicability of a modi-
fied isotherm similar to that discussed by Conway & Barradas
(25) and Bockris & Blomgren (55).

In the case of monocarboxylic acids, the data in
Fig., 14 show that the addition of each methylene group
results in the same increase in the adsorption free
energy regardless of coverage. It is seen that the hydro-
carbon portion of a monocarboxylic acid makes no signifi-
cant net contribution to the lateral interaction in the
adsorbed phase. This behavior, which is consistent with
the applicability of Traube's rule (56) to the adsorption
of compounds in a homologous series (40,57), means that
the standard free energy of adsorption of a given mono-

carboxylic acid cn copper can be written as

o o o} '
AGa = X AGCH +AGp + g(e)--—-‘-—-(blp)

2
where x is the number of methylene groups present (in-
cluding the terminal methyl), A GzH is the adsorption
free-energy contribution of each me%hylene group, AG;
is the contributiocn of the polar carboxyl group, and

g(8) is the coverage-dependent lateral interaction free

energy, which is the same -for 211 the monocarboxylic acids
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at the same coverage. Obviously, g(8) avproaches zero as
§ approaches zero.
An appropriate isotherm for the adsorption from
solution of a normal monocarboxylic acid on copper can be
written by substituting Equation (44) for [&Gg in Equation

(36) and rearranging to give

f(e)exp(g(8)/RT) = _C__ exp(”
5

where f£(6) is the left-hand side of (36). It will be
noted that the 6-dependent exponential factor on the left
of (45) is a Frumkin-like correction for lateral inter-
action (28) except that z(6) does not vary linearly with
6 2t other than very low coverages. Uhile values of
[&GZP and [SG; can be estimated »y extravolating the
curveézin Fiz., 14 & 15 to zero coverage, it will be use-
ful to consider methods by which these quantities can
be obtained more sccurately ty calculation from the cathode
overpotential and additive concentration data. This will
be discussed later.

The lateral Interaction Free inersy Calculation

The data in Fig. 14 & 15, for botk monocarboxylic
and dicarboxylic acids, indicate that the hydrocarbon
part of the molecule makes no significant net contritution
to the lateral interaction. Therefore, the dispersion
interzction force, which mainly corcerns the hydrocarhorn-

chain, can ve neglected, and this zssumption was cenfirred
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by calculating U , which was found to te about 10 to

disp.
50 times smaller thin the dipole—dipole interaction. Simi-
lar conclusions have Tteen reachea by Pospisil & Kuta (58)

for the adsorption of succinic acid on mercury. Accordingly,
the main contribution to the lateral interaction free energy
will in 211 probability be from the polar group through |

, can

dipole-dipole interaction. This interaction, U _,
g dipole

be calculated by using the equation (34)

A (16)

U.,.
dipole
€r3

wherefLD js the dipole moment of the pure organic compound,
1.3 Debye for monocarboxylic acids (59,60,61) and 2.3 Debye
for dicarboxylic acids (61,62), r is the distance between
the dipoles (2bout 4.0 g as calculated from the dimensions
of the carboxyl groupj, and € is the dieleciric constant

of the medium, which varies with coverage. Therefore, for
monocarboxylic acids

Lé

- (1.3)2 x 6,02 x 10?‘3 x 10
€ x(1.0)0 x k.18 x 10727

U

]

dipole

- .380 Kcal/mole
€

The chemical potential L for localized adsorption®, assuming

parallel dipoles in hexagonal array (34) is given by

*If adsorption taxes place on & surtace where potentizal
energy fluctuatlons are appreciable, the trouzhs will
represent adsorption sltes and the zdsorption is said
to be localized., If, however, the fluctuations are SO

small as effectively to venish, adsorption is said to
te non-localized.
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For non-localized adsorption* with parallel dipoles in

nexagonal array (34), the chemical poiential is given by

“dipole

. 2
Pﬁipole 11.5 63/ U = =4,37 63/2Kcal/mole
€

At a low coverage, the dipoles are separated by water
molecules and therefore the dielectric constant is that
of the water if it is assumed that the functional group
is present only in the primary electrode layer, for which
it has been estimated that € = 6 (635. At full coverage
the dipoles are separated by organic molecules and € will
be approximately egual to the pure-additive value of 2,5
(64), Assuming a linear combination at intermediate

coverages, we have

€ = 6-3.56  ==—==-= (49)

therefore, for localized adsorption
_ = = 3.511_ 86
delpole -3.5€)

and for non-localized

M gipole = ‘-(3—3——;”;12’59

o3/2

¥See previous page.
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Substituting in Equation (46), the dipole

deicarboxylic
jnteraction of dicarboxylic acids can be calculated as
2 2 -
=-(2.,3) x 6.02 x 10 3 x 10 L6
€ x (4.0)3 x 4,18 x 1072%

U

dipole

= - 1.19 Kcal/mole
€

Therefore, the chemical potential for localized adsorption
with parallel dipoles* is

deipole = - 10,99 6 Kcal/mole
€

- - * - -
and for antiparallel dipoles (34) it is

=L".59 U. =
dipole €

FLdipole
For non-localized adsorption with parallel dipoles, the

chemical potential is given by

2 2
= 11.5 63/ Udipole = - 1}6.7 03/

deipole

and for antiparallel dipoles, by

_ 3/2 : _ 3/2
}Ldipole = 5.625 6 Ugipole —'ééz ©
-------- (51)

In the case of dicarboxylic acids with functional
group at each end of the molecule, the dipole-dipole inter-

action will possibly be a combination of different models.

¥In parallel dipoles, the molecules are oriented in the
same fashion with respect to the metal surface, while for
antiparallel divoles, the molecules are orientated with
their dipoles opposite to each other.
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Since the length of the dicarboxylic acid molecule is
greater than the thickness of the primary layer af the
metal-solution interface, the dielectric constant € in
Equation (50) cannot be taken as 6, the dielectric con-
stant of the primary layer, at zero coverage, Its value
will probably be a combination of the dielectric con-
stants of the water layers at the electrode-solution
interface (62). 1In addition to this uncertainty about
€ at zero coverage, there are no exact data available
for the dielectric constant of the pure dicarboxylic acids.
Accordingly, no calculation can be made with any assurance
of accuracy. However, the dielectric constant at inter-
nediate coverage for the adsorption of succinic acid at
a mercury-solution interface has been given as 15-136 by
Pospisil & Kuta (58), who assume that the dielectric con-
stant of pure succinic acid is 2. If this value can be
assumed applicable to the dicarboxylic acids used in this
work, ﬁLdipole for the above models can be estimated. The
results are given in Tatle 9.

Components of the Free Enercy of Adsorption

When the overpotential increment for monocarboxylic
acids is plotted against the concentration of a given
additive, it is found that the curve approaches linear-
ity as the concentration approaches zero. Typical behavior
is shown in Fig. 16. The initial slopes for the mono-

carboxylic a2cids, given in Table 10, show that the loza-

rithm of the initial slcpe increases linearily with the
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Table 9

Calculated lateral interaction free energy

Localized

.062

.306
13
.541
. 593
. 879

"10110

for monocarboxylic acids
(Keal/mole)

non-localized

-1

.025
074
146
242
« 365
«523
.725
.982
.316

Calculated lateral interaction free enersgy

for dicarboxylic acids
(Kcal/mole)
Parallel dipoles

Antiparsllel divoles

. Localized non-localized Localized non-localized
- .080 - 40316 - .038 - .015
- 177 - .098 - .086 - 042
- 297 - .202 - Wikk - .098
- JLus - 353 - .218 - «173
- 6L6 - 569 - W31k - 278
- 916 - .884 - WLubs - k32
-1.303 -1.259 - 63k - 660
-1.911 -2.129 - .930 -1.041
-2.997 -3.545 -1.459 -1.733
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Figure 16

overpotential increment as a function of additive

concentration(ar] vs. C)

Propanoic acid
Butanoic acid
Pentanoic acid

Pentanedioic acid

b B OO o0

Octanedioic acid




Figure 16

Overpotential increment as a function of additive

concentration(AI]vs. C)

Propanoic acid
Butanoic acid
Pentanoic acid
Pentanedioic acid

Octanedioic acid

b B OO0 e
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Table 10

The initial slope ofAF] vs. C curve as C-0

Additive
Propanoic acid
Butanoic acid
Pentanoic acid
Hexanoic acid
Heptanoic acid

Octarnoic acid

‘monocarvoxylic acids

(_Arl /C)c-0

2.83x107
9.10x102
3.00x10°

9.75x10°

3.55}(101"F

1.17x107

(AN /C)c-0

79

(smoothed)

2.86x10°
9.40x10
3.,08x10
1.01x10
3.32x10

w F F W D

1.09x10
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number of methylene groups in the additive molecule,
counting the terminal methyl, as shown in Fig. 17.

Advantacge was taken of this linearity, in the
case of monocarboxylic acids, to obtain graphically-
smoothed overpotential data for low concentration of these
additives. For this purpose, smoothed values of the ini-
tial slopes, as obtained from Fig. 17 are given in the last
column in Table 10. For dicarboxylic acids, no smoothed
initial slopes were obtained due to the lack of linearity
of log(lxr] /C)C_O VS. X

For monocarbvoxylic acids, the linearity observed
in Fig. 17 follows as a consequence of the applicability
of Traube's rule to this homologous system, and corresponds
in essence to the known behavior of these compounds in
affecting the surface tension of aqueous solutions as
described by ward (57). A.useful equation directly per-
tinent and applicable to Fig. 17 can be derived from
Equation (45).

According to the behavior shown in rig. 14, g(e)
becomes zero as 6 approaches zero. Application of =qua-
tion (L45) to the zero-coverage condition then gives for
the homologous series of monocarboxylic acids |

0 X
f(e) = C[e' AG%/RT][e' AGCHZ /RT} = C«BX
55¢5 - (52)

where o & B are constants at constant temperature as shown.
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Figure 17

Logarithm of the initial slope, GBQ/C)C*O vs, number of

methylene groups in the monocarvoxylic acid molecule
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on substituting for 6 in Equation (42), and taking n as 2,
it is easily shown that f(®), the left-hand side of Equation
(52) can be written as
i(ezAr‘ /o -1)
With these subsitutions Equation (52) oecomes
280/ Ly o boo % —mmeee- (53)

which, on substituting the series expansion for eZAT\ /o

and dividing through by C, gives

2 A 2 . AN 3 > AR3 . G2 4 —mm = QT
e+ 2. ARy g R 5T 8

In the limit, as C approaches zero at zero coverage, this

becomnes

2N, - Zbdﬁx ““““ (55)

C oo
The logarithmic form gives the straizht-line equation for

Figo 1? as

Clearly AG; and AGgH can be calculated from
the experimental intercept and siope respectively in
Fig. 17. In this work, because of some uncertainty in
the values of (Ar\/C)C-O in Table 16 and Fig. 17, it was
decided to use a calculated slope, logﬁ in (56), which

was obtained by arranging Equation (4L5) to give

£(8) = RT 1nC — RT 1n £(&) - x A GgH - ( AG; + RT 1ln 55.5) \
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where the combination of terms

RT 1nC - RT 1n £(8) - xAGY. = £(C,0,X) =mmm=mem (58)
CH,

is the same for all the monocarboxylic acids since the
same g(8) vs. © relation applies to all, Fig. 14. ZXGSH
can be calculated directly from the concentration data
in Fig. 8 by subtracting Equation (58) for any two of the
additives at a given overpotential increment, since the
term RT 1ln f(€) cancels out in the subtraction. The value
found is -704 calories per mole. Accordingly, the line
in Fig. 17 has been drawn with the slope, 0.516, corres-
ponding to this value of [§G8H2 in Equation (56), giving
a value of 1,425 for the intercept, log(2bet) in (56).
Taking the Tafel slope as the experimental value, 52mV,
[BG; is found to be -1570 calories per mole for the
electrosorption of monocartoxylic acids on copper. This
result is at least in theory the free energy of adsorption
of methanoic acid (formic acid) at zero coverage, as ig
indicated by the extrapolation to x = 0 in Fig. 17,
assuming that formic acid behaves as a regular member of
this homologzgous series.

It should be noted that the value found for

Z}GgH in this study, -704 calories, is of the same
order gf magnitude as Ward 's value of -760 calories (57)
obtained from surface tension measurements for adsorption
of monocarboxylic acids at the air-solution interface.

This means, presumably, that no great specific interaction
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occurs between the hydrocarbon part of the additive molecule
and the copper surface and that this part of the adsorp-
tion must be primarily physical in nature (34). The
average [§G8H for the adsorption of aliphatic alcohols
(CZ-C6) on mercury has been found to be -770 calories per
mole, (65), and also for the adsorption of aliphatic
o

alcohols (02-07) on a bismuth cathode (66)/A\G was found

to be -800 cal/mole. The results are in sati;factory agree-
ment with the results obtained in this work for the adsorp-
tion of fatty acids on a copper cathode. The valué of
[}G; as extrapolated from results obtained by Ward (56)
for the adsorption of monocarboxylic acids at the air-
solution interface was found to be of the order of -900
cal/mole. This result, compared with the value of[}Gg
found in this work, -1570 cal/mole, supports the view that
the carboxyl group is most likely adsorbed toward the
metal with a metal-carboxyl interaction energy of about
700 cal/mole. |

It should be noted that[}in Equation (56) is the
Traube coefficient for the homologous monocarboxylic acids.
This coefficient is the factor by which the initizl slope
(er‘/C)C*O in Table 10 is multiplied on addition of each

successive methylene group to the additive molecule. Its

value based on the data obtained in this work is 3.28.
The free energies of adsorption at zero coverage,

for monocarboxylic acids, calculated using Equation (44),
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are given in Table 11. The standard energies of adsorp-
tion obtained by extrapolating the [§G§ vs, 6 curves to
zero coverage are also given in Table 11 in the last
column.

From the magnitude of the net standard free energy
(ranging from -3.0 to -6.5 Kcal/mole), it would appear
that physical forces are perhaps primarily involved in
the adsorption process.,.

It should be noted that the freé energy of adsorp-
tion of pgntanoic and octanoic acids from aqueous perchloric
acid solution on mercury have been found to be -4.37 and
-7.16 Kcal/mole, respactively, as calculated from the ex-
perimental differential double layer capacity (66). These
results are in reasonable agreement with the values obtained
here for pentanoic and octanoic acids, -4.39 and -6.5 Kcal/
mole respectively (see Table 11). The values of [ng ob-
tained for the adsorption of pentanoic acid from acidic HCl
solution on mercury was obtained as -4.5 Kcal/mole from
electrocapillary measurements by 3lomgren, Bockris & Jeséh
(49)., This too, is in satisfactory aszreement with the
result obtained here. The magnitude of [XGg and 1its
relatively constant value for different metals suggest
that only physical forces are involved in the adsorption
process (34) and that no specific interaction occurs be-
tween the metal and the methylene groups.

Pehavicr of Dicarboxylic Acids

Equation (56) can e rewritten in view of (52) as

follows:




Table 11
gtandard free energy of adsorption of monocarboxylic acids

at zero coverage

NG (Kcal/mole)

Additive [}GS (Kcal/mole) extrapolated
Propanoic acid -2,978 -3.0
Butanoic acid -3.682 =3.7
fentanoic acid -4,398 -4.L
Hexanoic acid -5.09 -5.1
Heptanoic acid -5.794 -5.8

Octanoic acid -6.498 A - -6.5
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o
(one = B /R
C~0 555
------- (59)
where ( [SGg)e_o is the net free energy of adsorption at

gzero coveraze. Accordingly, the initial slope of the
overpotential increment vs. concentration can be used to
calculate the net free energzy of adsorvtion. The initial
slopes (Zy]/C)C*O and the calculated net free energies of
adsorption for dicarboxylic acids are given in Table 12,
The 1ast column in Table 12 gives the net free energy of
adsorption obtained by extrapolating[}GS to zero coverage
from Fig. 15, It is seen that[}GZ obtained from both
methods are fairly close.

A plot of log([y]/c)c*o azainst the number of
methylene groups in the dicarboxylic acid molecule is
shown in Fig. 18. From this figure it is clear that
alternation in behavior occurs, varticularly with the
first four members cf the homologous series, This alter-
nation behavior vanishes as the number of carbon atoms
separating the two carboxyl groups increases. Similar
alternation in the melting points of dicarboxylic acids
has been reporied by Falirweather (68) as shown in Fig. 19,
and similarly too, the alternation becomes quite small for
the high molecular weight homologues.

Figz. 18 indicates that there is a linear relation
between 1og([y]/c)c¢o and the number of methylene groups

for the dicarboxylic acids with (£NCA). This result,
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Table 12
Standard free energy of adsorption of dicarboxylic acids

at zero coverage

8G,°%(Kcal/mole)

Additive (AN/C)gao BC°(Keal/mole)  extrapolated
Propanedioic acid  1,3x103 -3.92 -3.90
Pentanedioic acid 6.1x103 -4,.85 -4,85
Heptanedioic acid 11.6x107 ~5.23 -5.22
Nonanedioic acid  7.0x10% -6.30 . -6.36
Butanedioic acid  8.1x102 -3.64 -3.70
Hexanedioic acid 4.2x103 4,64 4,65

Octanedioic acid  16.0x103 -5.42 -5450
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Figure 18

Logarithm of the initial slope, (Zkrl/C)C*O vs. number of

methylene groups in the dicarboxylic acid molecule
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Figure 19

Melting point as a function of the number of carbon atoms

in the dicarboxylic acid molecules

The figure was taken from the original reference (68 ).
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supported by the generalized behavior obtained for [&q VS,
C for the dicarboxylic acids with (ENCA) indicates that
these acids most likely adsorb in the same fashlon, i.e.
with one carboxyl group toward the metal and the other

non-adsorbing carboxyl group toward the solution. The

slope for this linear behavior is .48 which is equivalent

to -660 cal/mole corresponding to the free energy contri-

bution of the methylene group, A GgF . This value is

smaller than the value of ZﬁGgH obtained for monocarboxylic

acids, indicating that there iszmost likely some factor
affecting the methylene group contribution and causing
it to decrease., This is probably due to the presence of
the non-adsorbing and possibly solvated carboxyl group
oriented toward the solution.

In the case of dicarboxylic acids with (ONCA)
there is no special trend in the log([ﬁ]/C)C*o VS. X
relation except that increasing the number of methylene
groups brings the adsorption patiern of these compounds
into close similarity to that of the dicarboxylic acids
with (ENCA). A more extended study of higher molecular
weight dicarboxylic acids than the ones used here might
be useful.

Using the mean value of [§G; and [}GSH found
in the case of monocarboxylic acids, for the dicarboxylic
acids, and taking into account the two functional groups,
the calculated [§G: are given in Table 13.

From Table 13 it is possible to conclude that

91



Table 13
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Experimental and calculated free energy of adsorption

for dicarboxylic acids

Additive NGy Experimental AGS calculated”/AGS calculated™”

Propanedioic -3.92 -3.84 -2,27
acid

Pentanedioic -4.85 -5.25 -3.68
acid

Heptanedioic -5.23 -6.66 -5.09
acid -

Nonanedioic -6.30 -8.07 -6.50
acid

Eutanedioic -3.64 -4,55 -2,98
acid

Hexanedioic -4, 64 -5.96 -4.39
acid

Octanedioic -5,42 -7.36 -5.79
acid

¥ Both carboxyl

¥%* One carboxyl

groups adsorved,

croup adsorbed.
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for dicarboxylic acids with (CNCA), the experimental and
calculated® values of the free energy agree to a2 large
extent for rropanedioic and pentanedioic acids. This re-
sult suzgests that since the internuclear distances tetween
the two carboxyl groups are similar to the shortest inter-
nuclear distances of the copper lattice, therefore, @ higher
probability of strain-free iwo point attachments mizht be
possible., However, for propanedioic acid the experimental
result is slizhtly higher than as calculated*, therefore,
another factor must coniribute to this greater free energy

of adsorption. This difference can be speculatively ex-

plained considering the electron-withdrawingz power of

{0

rours ara

m

the cartoxyl group, since the two carboxyl
only one carton apart, Accordingly, an increase in the
adsorption is expected, dve to the electron-withérawing
nature of each cartoxyl group on the other. In the case
of pentansdioic acid the experimental result is slightly
less than the calculated®., This may be due in part to
the fact that the internuclear distance between the two
carboxyl zfroups, as mentioned before, is slightliy differ-
ent than the third shortest internuclear distance for

the copper lattice, 4.983 and 5.13 respectively.

« the experimental and the calculated*"

-

Comparin
results for propanedioic and pentanedioic acids, it can
be seen that adsorption with both carboxyl groubs 1is mos¥
vrobzble for these two acids. In the case of heptanedioic

and nonanedioic acids, the experimental results are ruch
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less than the calculated®, therefore, strain-free two-point
attachments appear to be less likely. These results agree
with the view that the intefnuclear distances for these two
acids, ?.473 and 10.963 respectively, are probably not likely
to allow two-point attachments since the nearest internuclear
copper lattice distances are ?.653 and 10.204., Therefore,
one-roint attachment is most likely to occur., However,
the relative probatility of adsorption of these acids is
still higher than the corresponding monocarboxylic acids.
Comparison of the experimental and calculated*% values
shows approximate agreement for heptanedioic and nonane-
dioic acids, but the greater magnitude of the calculated™™
value for nonanedioic acid compared to the experimentzal
sugzests a further contributing factor in the adsortability
of this compound. While the effect of each carboxyl group
on the other is zero, possible solvztion of one carboxyl
group may be a factor causing a decrease in the adsorbability.
In the case of heptanedioic acid the solvation power of the
non-z2dsorbing carboxyl group and the two-point attachment
probability mizht be of the same order of magnitude, with
the effect that the net free energy of adsorption will be
equivalent to the contributions of one carboxyl group
and five methylene groups. Support for this assumption is
found on comparing the nearly equal overpotential values for

hexanoic and heptanedioic acids in Tables 7 & 8. For nonanedioic
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acid, the probability of two-point attachment is expected
to be even less than that of heptanedioic. The solvation
of the non-adsorbing functional group might increase since
the two carboxyl groups are much farther apart. Therefore,
the net result is a lower free energy of adsorption. Accor-
dingly, the free energy of adsorption will be even less
than for one carboxyl group and seven methylene groups.

Considering the dicarboxylic acids with (zncA),
the calculated* free energy of adsorption is always higher
than the experimental values (Table 13). This suggests
that adsorption takes place with only one carboxyl group.
Comparing experimental and calculated** values shows that
the experimental result is much higher for butanedioic,
slightly higher for hexanedioic, and lower for octanedioic.
These results can be explained on the basis of two opposing
factors: 1) the decrease of adsorption by the solvation of
th2 non-adsorbing carboxyl group, and 2) the increase of
adsorption bty the electron-withdrawing nature of this
group (29). The experimental free energy of adsorption
of butanedioic acid is much greater than calculated on
the basis of one carboxyl and two methylene groups but
less than calculated if both carboxyl groups are involved. -
Therefore, the effect of the second carboxyl group cannot
be due to complete adsorption. Since the two cartoxyl
groups are not far apart, the non-a2dsorbing group will

increase the adsorption of the other by decreasing its
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electron density; i.e. factor 2 will dominate., Hexanedioic
acid shows experimental free energy of adsorption slightly
higher than calculated**. Since the two carboxyl groups
are further apart, the second factor decreases and a
jowering of the relative free energy of adsorption is
expected. with the two carboxyl groups still further
apart, as 1in octanedioic acid, factor 2 will be small
or zero and the solvation power of the non-adsorbing
cartoxyl group will increase, and further lowering in
the relative free energy of adsorption is expected as
compared with the calculated**. A similar behavior, con-
sidering one and two-point attachment, has been reported
(18).

From Fig. 8 it can be seen that for octanoic
and heptanoic acids at high concentration, the over-
potential begins to level off. This behavior was not
considered in the calculation of the lateral interaction,
however, it seems that for high molecular weight acids at
high concentration, possible repulsion between the hydro-
carbon parts of the molecules might take place. Further
work with higher molecular weight monocarboxylic acids
should prove useful, and might reveal a behavior different
than those considered here. In the case of propanedioic
acid at higher concentration, the cathodic overpotential
falls as seen in Fig. 9. No proper explanation can be

given at present for this behavior,
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components of the Free Eriergy of Adsorption of Dicartoxylic
Acids

From the preceding discussion concerning the factors
affectinz the free energy of adsorption of the dicarboxylic
acids, the following empirical equation can be given to
account for the components of the free energy at zero
coverage:

For dicarvoxylic acids with (ENCA),

0o 0 0 0" 0
NG, = ZXGP + X [}GCHZ + (éﬁE) NG + (gﬁg)ZXGS

where AG° is the elzctrostatic contribution of the
elec.
non-adsorbing carboxyl group to the free energy of ad-
sorption, and [XG: is the free energy contribution due
to the solvation of the non-adsorbing carboxyl group
(desorbinz enerzy). It should bte indicated that the
coefficients in Equation (SO) are merely empirical and
were chosen to account for the free enersy for the parﬁi—
cular acids studied ir this work.
[&Gg can be obtained by subtracting [&GZ

for hevtanoic acia from [SGZ for octanedioic acid. Since
the two functional groups of octanedioic acid are suffi-
ciently far apart, ZBGZlec. can be assured to approximate
zero. In this way, Gg is found to be .30 Kcal/mole
(the positive value should be noted). Assuming that

ZBGZ is sufficiently small to be neglected for butane-

e . ) \ . .
dioic acia, AG 1 can be calculated. Accordingly,
elecC.
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[kczlec. was found to be -.65 Kcal/mole., Using these values
of ZﬁGglec. and [}Gg, the free energy of adsorption of hexane-
dioic acid, where both the electrostatic and the desorbing
energies of the non-adsorbing carboxyl group are present,
is found by calculation from Equation (60) to bte -k.56 Kcal/
mole, which is in reasonable agreement with the experimental
-4 ,64 Kcal/mole, and which might be taken to indicate that
this equation is at least approximately correct.

For dicarboxylic acids with (CONCA) [&Gg can be

given as

o ~O _ ,0 . ~0
AGa-_- Zkup * (ZgE)ACP * (%)Auelet.xa’c}{z

ﬁO
+ U0 e (61)

Here again, the ccefficiénts are internally empirical

to account for the free enerzy of the dicarboxylic acids
with (ONCA) done in this work. The second term accounts
for the effect of the cis-structural configuration of the
two carboxyl groups. For higher homologues, €.g. nonane-
dioic acid, the second and third terms of Equation (61)
will be nearly zero and accordingly, [}Gg can be obtained.
It was found to be .30 Kcal/mole, in agreement with the
value obtained for dicarboxylic acids with (ENCA). ZXG:lec.
was obtained from ZXG: for pentanedioic acid instead of
propanedicic acid, since the results for the latter were
uncertain., It was found to be -.35 Kcal/mole. Accordingly,

ZBGE was calculated for dicarboxylic acids with (ONCA),
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using Equation (61). The experimental and the calculated

results are given in Table 14,

Table 14
Free energy of adsorption for dicarboxylic acids

with (ONCA)

Additive A\GY experimental A\Ge calculated
Propanedioic acid - 3.9 -3.82
Pentanedioic acid - 4.85 -4,60
Heptanedioic acid - 5,23 -5.39
Nonanedioic acid - 6,20 -6.20

The satisfactory agreement between experimental
and calculated free energies in Table 14 indicates empiri-

cal validity of Equation (61).

The Exverimental and Calculated Tateral Interaction Free
Energy

For monocarboxylic acids, 2s mentioned previously,
the lateral interaction free energy, c(e), is the same for
all these additives at the same coverage; therefore, this
g(e) can be obtained from the overpotential increment
and the additive concentration of any member of the series.
Pentanoic acid was chosen fbr this purpose, and z(6) was
calculated using Equation (57). The results are given in
Table 15,

A piot of g(®) vs. € is given for both the experi-

mental (Table 15) and the calculaied (Table 9) values in
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The experimental lateral interaction free energy-fractional

coverage relation for monocarboxylic acids

e
1425
«1749
+2505
3191
4382
«5362
6175
6844
7396
7851
.8227
8537
.00k
«9322

g(8) cal/mole

59

79
135
191
311
Ll
570
700
846

985

~1134
-1285

-1584
-1885
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Fig. 20. It can be seen from this figure that while the
non-localized adsorption model a2ppears 1o give the better
agreement with experimental results, there is no distinct
difference tetween the two models, particularly at low
coverace. Accorcinzly, no definite cor.clusion can be
dravn except that dipole-dipole interaction is most likely
the main contribution to the lateral interaction free energy.
Considering also the rough approximation used to develop the
above models, the distinction between particular models will
be uncertain. Adjustmert of the pérameters can be made %o
improve agreement with experiment, but the data are not
sufficiently reliable to Jjustify this procedure., .

In the case of dicarboxylic acids, the experimental
lateral interzction Ifree energy Wwas obtzined by subtracting
[SGg 2t zero coverage, which was ottained by Zquation (59),
(sece Table 12) from the free energy of adsorption at various
coverages as obtained from Equation (36). Average values
are given in Table 16,

The experimental and c2lculated lateral inter-
actions for dicarboxylic acids are shown in Fig. 20.
Comparing Tables 9 & 16, and also comparing the results
in Fir. 20 for dicarboxylic acids, it can be seen that the
non-localized model, antiparazllel dipoles, agree test with
the experimental results, particularly at high coverage.

However, as mentioncd in the case of monocarboxylic acids,

and 21so because there 1is more uncertainty in the calculation

of M, . for dicervoxylic acids than for monocarboxylic
N
dipole
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Figure 20

Lateral interaction free energy vs., coverage

O experimental curves & calculated values for:

Localized adsorption (monocarboxylic acids)

Non-localized adsorption (monocarbexylic acids)

Localized adsorption (dicarboxylic acids), &= 15-13 ©
Non-localized adsorption (dicarboxylic acids), e= 15-13 €
Localized adsorption (dicarboxylic acids), € = 32-29.5 6

Non-localized adsorption (dicarboxylic acids), &= 32-29.5 8
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Table 16
The experimental lateral interaction free energy-fractional

coverage relation for dicarboxylic acids

-] g(e) cal/mole)
. 060 - 2
o 274 - 112
+330 | - 166
450 - 304
. 550 - 421
«700 - 715
. 800 -1029
. 860 -132h

.900 ' -1681
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acids, no particular model can be considered to represent
the experimental results completely with any real certainty.
Using different values € , the dielectric constant, could
change the models entirely. For example, if € is taken as
the dielectric constant of the second water layer at the
electrode-solution interface (63), then the dielectric

constant at intermediate coverages can be given as

€ = (32-29,5 9) L emmemee (62)
Using this value and calculating deipole as a function
of coverage and comparing it to the experimental reéults
reveals that the calculation for localized parallel
dipoles agrees with experiment more satisfactorily (see
Fig. 20).

Accordingly, the only conclusion that can be
dravn is that dipole-dipole interaction is the main con-
tribution to the lateral iﬁteraction free enerzy for the
dicarvoxylic acids., 1t should also te mentioned'that.the
dielectric constant used for the pure dicarboxylic acids,
about 2.5, is probably invalid since dimethyl succinate
has a value of 5.2 at ZOOC, which is most probably close
to € of the free acid, It should be noted, in addition,
that the dipole moment has been treated in this calculation
as a constant, while it might in all probability vary with

coverage,
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PART III

Results & Discussion of Group II Addition Azents

1) Results:

This group includes the thioacids, mercaptoacids,
and thiols. The thioacids and mercaptoacetic acid of the
mercaptoacids series exhibited a distinctly different
phenomenon from most organic additives used in metal
deposition, in that they caused a depolarization, i.e. a
decrease in the cathode overpotential during electro-

deposition of copper. S. C. 2arnes (69) has reported

in neutral solution.

=
pae
N
4]
3]
[4}}

that thio-compounds act as rola
Accordingly, the effect of ths thiozcids and mercaptcacids
on the cathode overpotential were studied in standard solu-
tion with various concentrations of sulfuric zcid. Thiols
did not exhibit any depolarization effect; they caused high
overpotential increments in every case. Therefore, these
compounds were siudied only in acidified standard solution,
i.e., 0.5 CuSOa and 1,0x HZSOQ'

In order to compare the results of additives
in standard solution with various concentrations of H,S0,,
the overpotential of the corresponding solution without
additives was also measured. The results are given in

Part I, (see page 36). .

The Steadv-State Overpotential Effect of Thicacids in Neutral
0.5 Cus0y,

In agreement with the results obtained by 2arnes

(69), thioacids caused an increase in cathode overpotential
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in 0.5 CuSO, and 0.OK H2804 solution. Fig. 21 shows the
overpotential increment as a function of additive concen-
tration. In a manner similar to Group I additives, in-
creasing the concentration of a thiocacid increases the
overpotential increment, and at a given concentration,
increasing the hydrocarbon chain length of the molecule
jncreases the overpotential increment. Numerical values
are given in Table 17.

Steady-State Cverpotential Zffects of vercavtoacids

In the case of mercaptoacids only mercaptoacetic
acid showed depolarization behavior in the acidified solu-
tion. Yercaptopropionic and mercaptobutyric acids caused
overpotential increments for all solutions, acidified or
norn-acidified. The overpotential at a given concentration
of mercaptopropionic or mercaptobutyric acids was higher
the greater the concentration of sulfuric acid, but the
overpotential increment due to the additive was the same
regardless of concentration of sulfuric acid. Numerical
results are given in Table 18. Fig. 22 shows a plot of
the overpotential increment as a function of additive
concentration for mercaptoacetic acid in 0. 5% CuSOy and

0,0 HZSO and also the averageéxr‘values for mercapto-

L
propionic and mercaptobutyric acids. The numerical
results for mercaptoacetic acid in 0.5\ CuSOu are shown
in Table 19. Here again, alternation tehavior can be

observed between the mercaptopropicnic and mercaptobutyric

acids, see Fig. 22, It may be noted that this agrees very
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Figure 21

overpotential increment as a function of additive concen-
tration for copper deposition from .5M CuS0,, & thioacids
(Ar“ vs. log c)
©® Thioacetic acid
( Thiopropionic acid

(® Thiobutyric acid
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overpotential as a function of additive concentration

for copper deposition from 0.5M CuS0O, standard solution

(a)

Table 17

current density = 20 mA/cm2

T = 25°

Thioacetic acid

108

Additive concentration Overpotential
(mole/1) Overpotential (mV) Increment (mV)
1x10™7 56 6
5x107° 72 22
1x1o'LL 93 43
2.5x10'LF 119 69
(b) Thiopropionic acid
Additive concentration Overpotential
(mole/1) Overpotential (mV)  Increment (mV)
7.5x1o‘6 84 34
1.5%x107° 90 4o
3.0x107° 100 50
7.5}(10"5 120 70
1.5x107" 134 84
(c¢) Thiobutyric acid
Additive concentration Overpotential
(mole/1) Overpotential (mV) Increment (mV)
3.5x1o‘6 108 58
7.0x10"6 117 67
2,4x10™7 129 79
4.?x10'5 140 90
1.0x1o'” 160 110
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Figure 22
overpotential increment as a function of additive concen-
tration for mercapto acids (/AN vs. log ¢)
Q) Mercaptoacetic acid
() 3 - lercaptopropionic zcid

A U - Yerczptobutyric acid
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Table 19
Overpotential as a function of additive concentration for
copper deposition from neutral 0.5¥ CuSOu

Current density = 20 mi/cm?

Mercaptoacetic acid

Additive concentration Overpotential Overpotential

(mole/1) (mV) Increment (mV)
2,5%207° 85 35
5,0x107°7 97 47
1.0x1o'LL 116 66
2.5x107 134 8l

b.ox10~ % 148 98
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well with the behavior of the dicarboxylic acids, where
mercaptopropionic can be considered to correspond to
propanedioic acid and mercaptobutyric to butanedioic acid.

A comparison of Fig. 21 & 22 shows that mercapto-
propionic acid gave much higher overpotential increments
than the corresponding thiopropionic acid, while mercapto-
butyric acid gave values similar to the corresponding
thiobutyric acid. A generalized order of effectiveness
may be given - with some reservation - as follows:
mercaptoacids with (ENCA) & thioacids < mercaptoacids with
(0NCA). This agrees well with the results obtained
previously for the mono- and dicarboxylic acids.

In general, for a given mercaptoacid the over-
potential increases with increasing concentration, dbut
a much smaller concentration was required to give the
same overpotential increment compared to nonocarboxylic
and dicarboxylic acids.

Overpotential Zffects of the Thiols

As mentioned previously, thiol compounds caused
only increases in cathode overpotential. Accordingly,
these compounds were studied only in 0.5 CuSOu and
1.08 HyS0), standard solution. An important experimental
point that should be mentioned is that choosing high
concentrations of sulfuric acid is most appropriate
because in nigh conductivity solution the IR drop between

the Luggin prove and cathode can be neglected. In all
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the previous measurements where the standard solution was
free from sulfuric acid, Some difficulty was encountered
in determining the true cathode overpotential. In these
cases oscillographic measurement was made to determine the
value of the IR drop which was found to be in the range
of 5-15 mV., The total steady-state overpotential was
corrected by subtracting the corresponding IR drop. In
the case of standard solution containing thiols as addi-
tive the measured value of the IR drop was small enough
to be neglected. Therefore, the values reported are the
total stéady-state overpotentials. Another necessary
precaution was the use of an anode with large surface
area to avoid any possible oxidation of the thiol com-
pounds. This was achieved by using a copper rod coiled
in 2 spiral., Fig. 23 shows the overpotential increment
as a function of thiol concentration. As shown in this
figure, increasing the thiol concentration or increasing
the hydrocarbon chain length of 2 thiol increaseé the -
overpotential increment. This follows the same pattern
as found previously for carboxylic acids, The numerical
values are given in Table 20.

The Depolarization £ffect of Thioacids

In the case of thloacetic, thiopropionic, and
thiobutyric acids in standard solution with various con-

centrations of sulfuric acid, a lower overpotential was

obtained thzn in the absence of the additive. The steady-

state overpotentials are shown as & function of additive
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Figure 23
Overpotential increment as a function of additive concen-
tration for thiols ( Ar‘l vs. log C)
@ Ethanethiol
© Propanethiol

B Butanethiol
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Table 20
Ooverpotential as a function of additive concentration
for thiols
Current density = 20 mA/cm2

(2) Ethanethiol

Additive concentrztion Overpotential
(mole/1) Increment (mV)
2.5x1075 ol
5.0x1072 7
1.0x10'u 92
2.5x107" 121
(b) Propanethiol
Additive concerntration Overpotential
(mole/1) Increment (mV)
1.0x107° 36
2.5x107° 98
5,0x1072 124
7.6x1 0™ 144

(¢) Eutarethiol

Additive concentration Overpotential
(mole/1) ‘Increment (mV)
2.5x107° Lo
5.0x1o"6 6L
1.0x107° 104
2,5%107° 150

116
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concentration at a given sulfuric acid concentration in
Table 21. From these data, the following observations can
be made: 1) at a given concentration of sulfuric acid, an
increase in the additive concentration increases the de-
polarization effect, and 2) at a given additive and sulfuric
acid concentration, increasing the size of the hydrocarbon '
chain of the thioacid molecule increases the depolarization

slightly.

The Overpotential-Current Densitv Relation for Thioacids

The steady-state overpotential of thioacids was
measured as a function of current density. Typical plots
are shown in Fig. 24. The numerical values are tabulated
in Table 22, including the calculated values of the Tafel
slope. Clearly, the Tafel slope decreases on increasing
the concentration of sulfuric acid, or on increasing the
concentraticn of the additives. The Tafel slopes are
much less than the 50 mV theoretical value for the charge-
transfer rate-controlling step. Therefore, it can be
assumed that these additives cause a change in the
kinetics of the copper deposition mechanism.

Initial Overpotential with Thioacids

A peculiar phenomenon was observed at the be-
ginning of each electrolysis and before attaining the
steady-state overpotential value. When the current was
first switched on, a maximum overrotential was initially
obtained during the first 15 to 30 seconds, following

which the overpotential gradually decreased to the steady-
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Tablé 21
Steady-state overpotential as a function of additive
concentration for copper deposition from 0.5M CuSO, and
various sulfuric acid concentrations
Current density = 20 mA/cm2

(a) Thioacetic acid
Sulfuric acid concentration (mole/1)

concen%ggizéze(mole/ll qzéil gigil qzéil 36;3) Q%&S)
2, 5x10™% 69 b9 45 40 37
1,0x10~% 73 52 51 47 16
5.0x1077 75 55 53 48 47
1,0x1075 79 59 55 51 48

(b) Thiopropionic acid ,
Sulfuric acid concentration (mole/1)

Additive 0.1 0.25 0.5  0.75 1.0
concentration (mole/1) QLEXL n(mv) n(mV) n(mv) n(mV)
1.5x10’4 69 L6 34 38 38
7.5x10"7 71 b bh 42 140
3.0x1072 76 s4 50 b5 b3
1.5x10"5 78 57 50 L7 45

7.5x10‘6 80 65 57 52 L9
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Table 21 (continued)

(¢) Thiobutyric acid

Sulfuric acid concentration (mole/1)

e an (mole/1) n(aV) (a r_ﬁﬁl

concenir ion mo m m

5,0x1077 | 69 Dr(_j-;). 37
2.5x10"5 70 48 40
1.0x10"2 72 50 45
7.5x107° 73 51 7
2.5x10~% 7h 53 49

=
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thioacids

1.0x10™ 71 thioacetic acid, 0.1¥ H,SO
" , 0.25Y H,S0,
" , 0451 HySO,
" , 0,75 HyS0,
" » 1.0 HpSO,

1.0x107 M thiopropionic acid, 0.1M H,SO,
" . 075k HySOp
" , 0.5M H,S0,
" . 0.75M H,y50,
" , 1.0M HpS0y

5.0x10™ 5 thiobutyric acid, 0.1M H,S0,
" . 0.5E HySO,
" , 1.0M HyS0,
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state value. A similar behavior has been reported by
Bockris (10) for the case of surface-diffusion as the
rate-controlling step in copper electrodeposition. Bockris
called this initial maximum overpotential a super-polari-
zation. A similar initial maximum has been reported by
others (69,70,71) for depolarizing additives. Typical
initial overpotential maxima are shown in Fig. 25, and
numerical data are given in Table 23. It is seen that
at a given sulfuric acid concentration, an increase in
the addi?ive concentration increases the overpotential
raximum. Similarly, at a given additive concentration,
increasing the sulfuric acid concentration increases the
initial maximum slightly. The time at which the over-
potential maximum was attained is shown as Tmax. This
value was between 20-30 seconds at 20 mA/cm2 current
density.

Initial Overvotential-Lurrent Density Relation

The initial overpotential was determined as a
function of current density. A special procedure was
employed in all these experiments in that the cathode
was first immersed for 5 minutes before electrolysis
was started. For each current density from 20 mi/cm
to & mA/cmz, a new cathode was used. The results are
shown in Table 23. This indicates that the value of

Tﬁax. increases with decreasing current density,

while the initial overpotential decreases with de-

creasing current density. A plot of the initial over-
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Figure 25
Initial maximum overpotential

Ooverpotential-time relation ( q vs., t) for thioacids

5

L
5.0x10'5K thioacetic acid, .25% stou

7.5x10-6m thiopropionic acid, .75 stou

5.0x10 “it thioacetic acid, .75 H,SO

7.5x1C

-6
2.5x10-5K thiobutyric acid, 1.0k H2504
-5

' thiopropionic acid, .25 stou
2.5x10 ~“i. thiobutyric acid, .5 HZSOu

o, NN U, U~ WO R B
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’ Table 23
Initial overpotential-current density relation for copper
deposition from standard solution containing thioacids

as additives

(a) 0.5% CuSOy, 0.5% H,S0,, 2.5x107°K thiodbutyric acid

Current degsity Initial max.
(mA/cm“) Overvotential (mV) T nax. (sec,)
20 125 27
14 95 32
10 58 L
6 47 84
(b) .51 CuSOy, 1.0 H,S0,, 2.5x1077% thiovutyric acid
20 127 30
14 81 33
10 62 Lé
6 Ls 92
(c) 0.5 CuSOy, 1.0 H,SOyu, ?.5x10'6m thiobutyric acid
20 105 30
16 100 375
12 95 b2
8 59 67.5
6 51 9L
L L1 140
(d) 0.5¥ CuSQy, 0.5 H2804, 7.5x10-6M thiobutyric acid
20 100 27
16 99 32
12 75 39
8 64.5 L8
6 48.5 9k
L 28.5 129
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potential.as a function of current density is shown in Fig.
26. The Tafel slope was found to be about 54 mV.

Initial Cverpotential-Immersion Time Relation

The cathode was immersed for 5 minutes before
starting the electrolysis for all the experiments with
Group II compounds. Here, the cathode was immersed for
different periods of time from 5 to 45 minutes btefore
electrolysis to determine the initial overpotential as
a function of the immersion time. This relation is
shown in Fig. 27. The numerical values are given in
Table 24, Clearly, increasing the time of immersion prior
to electrolysis increases the initial overpotential and
alsé increases slightly the value of 7_max.' A few ex-
periments were made in which the cathode was immersed for
18 hours and the initial overpotential was much higher than
that for which the electrode was immersed for only 5 minutes.
Numerical vazlues are given in Table 25.

Devolarization Effect of liercaptoacetic Acid

The depolarization effect of mercaptoacetic acid
(thioglycolic acid), has been reported previously (69,71).

In agreement with these results, mercaptoacetic acid caused

a depolarization in acidified stzndard solution. The amount

of depolarization increases with the additive and sulfuric

acid concentrations. The relation between these variables

follows the same pattern as for the thioacids. Numerical

values are given in Table 26. It should be noted that the

depolarizing ability of mercapioacetic acid is considerably
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Figure 26
Initial maximum overpotential-current density relation
for thiobutyric acid

1 2.5x10"° thiobutyric acid, 1.0H H,,

2 7.5}(10“6 thiobutyric acid, 0.5 stou
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Figure 27
Initial maximum overpotential as a function of immersion

1
time ( r] vs., t<) for thiobutyric acid

5

1 2.,5x107" thiobutyric acid, 1.0 HZSOL;

5 2.5x107% thiobutyric acid, 0.5 H,S0,

130
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Table 24
Initial overpotential as a function of immersion time for
copper deposition from standard solution containing thioacids
as additives

Current density = 20 mA/cm2

(a) 0.5 CuSOu. 0. 5% H2304, ?.5x10'6N thiotutyric acid
Time of immersion Initial max.
(minutes) overvotential (mV) Thnax. (sec,)
10 89 4o
20 ° 99 L2
30 109 30
ks 110 L2
(b) 0.5 CuSOu, 1.0M HZSOu, 7.5x10'6ﬂ thiobutyric acid
10 , 97 Lo
20 102 Lo
30 103 L3
4s 105 L2
(¢) 0.5% CuSOu, 0.5 HZSOQ; 2.5x10'6m thiobutyric acid
5 75 . 30
10 8L L2
20 101 bs
30 103 36
bs L7 Ls
(d) 0.5 CuSOy, 1.0 HySC,, 2.5x10‘6m thiobutyric acid
5 78 30
10 86 Ls
20 102 ks
30 108 52

Ls 123 ks
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Table 25
Initial overpotential-immersion time relation for
copper deposition

Current density = 20 mA/cm2

0.5 CuSOu, 0.1N HZSOu, 2.5x10_6M thiobutyric acid

Time of Initial max. :
immersion (min.) polarization (mV) Trax, (secil_r]steady (V)
5 . 85 33 80

1080 205 30 76
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Table 26
Steady-state overpotential as a function of additive
concentration for copper deposition from .5M CuSO, and
various sulfuric acid concentrations

aurrent density = 20 mA/'cm2

Mercaptoacetic acid

Sulfuric acid concentration (mole/1)

concen%ggizéxe(mole/;l qZéil qZéil qié§l
5,0x107% 63 49 43
2.5x1o'4 76 L8 46
1.0x10"" -3 50 49
5.0x10"5 79 55 53

2.5x10"7 | .81 58 53



134
ljess than that of the corresponding thiocacetic acid. Com-

pare Tables 21 & 26,

Steady-State Overpotential-Current Density Relation,
Mercaptoacetic Acid

Figure 28 shows some typical steady-state.over-
potentials with mercaptoacetic acid as a function of current
densities. Tafel slopes were calculated from these curves.
Just as with thioacids, the Tafel slope decreases the
greater the depolarization. Numerical values are given in

Table 27.

Initial Overpotential with rercavtoacetic Acid

Again as with the thioécids, mercaptoacetic acid
exhibited an initial maximum overpotential immediately on
closing the electrolysis circult. However, there is a
distinct difference in the 'Tmax behavior with thioacid

and with mercaptoaceticiacid. With the former, 1-max.COUld
be recorded with the Sargeht SR recorder operating at

medium chart speed, 0.5 inch per minute, while with the
latter 7-max. was relatively very small, requiring use of
an oscilloscope and camera. T oy, for mercaptoacetic

acid was found to be in the range of 10 to 20 msec. Typical
results are shown in Fig. 29., On the other hand, the effect
of additive concentration and sulfuric acid concentration
on the initial overpotentiai follows the same pattern as

with thioacids. Numerical values are given in Tabtle 28.

The Effect of Deoxysenation cf the Solution on the Initial
Overpotential

Acidified standard solutions containing additives
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Figure 28
Ooverpotential-current density relation ( r] vse 1n i)
for mercaptoacetic acid
a i 5.0x10°u mercaptoacetic acid, 1M H2804
L

3 5.0}(10-LF mercaptoacetic acid, 1.0M HpS0,

2 5.0x10” " mercaptoacetic acid, «5M H,50,

N
i
L

b 1 2.5x107 ' mercaptoacetic acid, .1M HpSOy

2 2,5x10” " mercaptoacetic acid, .5M Hy,S0,

3 2,5x10”" mercaptoacetic acid, 1.0M H,SO,
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Fig. 28

iy

1.5

1,0

20}
104

(AW)

L

60
501
Lot

30

20,
1G

1n



N\
L ]

MO OO0 NVD oa
Vo oNn ONOWO O
A T3 O T OMN

136

49
64
He
U

€€
19

M
42
H

$1
971
ot

=4t

T8Fey

61 22
Gz 62
2 o€
02 22
gz Lz
22 gz
42 92
Gz L2
Lz 2€
L2 G°62
1€ 1€
HE o4
Lz 62
1€ 4E
0€ 9f
A

8¢
13
T

42
49
ot

8¢
0<
04

29
He
8

49
LE
th

8

49
8¢
9t

1€
9€
SH

1€
49
th

G€
G€
49

€c
h
Lo

0t

9¢
h
159

uls
6€
0§

HE
GE
64

9¢
xS
LS

G¢
1%}
06

2T

6€

iy
85

6€

€4
LS

LE
8¢
HS

8¢
6¢

09
LE

€4
49

#T

£
81
%9

Et
Lh
79

O
Zh
09

h
Al
99

6€

54
99

9T

ANEo\dsv K3Tsusp juaaan)

¢!
1° m-Oﬁxm.N

o
1 ¢ -07X0 S

¢t
T° +~...o.ﬁxo.ﬁ

g
T* i10me.m

.
T° :-oﬂxo.m
AM\wHoEv (T/@Tou)

0S<ZH UOT3BIFUSOUOD

SATRITPPY

SUOT3BIZUIOUOD PFoB OTanFIns snotaea pue tognyg WG*O

PTo® 0T380€03dedasy

woxy uotiisodep aaddoo JoF A3fsuep ueIand JO UOT3OuUNF ® SB TeBTRuUajzodaasrQ

L2 9TqQEBlL



137

Figure 29
Overpotential-time relation ( q vs. t) for solution
containing .5 Cusoq, 1.Ox10'4M mercaptoacetic acid &

various sulfuric acid concentration

1 ' 0,1M sulfuric acid

2 0.5M sulfuric acid

3 1,0M sulfuric acid
Vertical full scale 300 mV,

Horizontal full scale 500 msec.,
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Table 28
Initial overpotential-stou and additive concentration
relation for copper deposition for mercaptoacetic acid

Current density = 20 m/cm?

Additive H2S0y, Initial max.
concentration (role/1) (mole/l) _overpotential (nV) Tnax.(mwsec.)
5,0x10™" 0.5 155 10
1.0 180 10
-4
1.0x10 0.1 105 15
0.5 120 10
1.0 145 10 :
5.0x107 2 0.1 90 15
0.5 100 10
1.0 130 10
2,5x1077 0.1 75 12
0.5 78 12

1.0 124 12
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Table 28
Initial overpotential-H,SO, and additive concentration
relation for copper deposition for mercaptoacetic acid

Current density = 20 mA/cm2

Additive HpS0y, Initial max.
concentration (role/1) (mole/1) overvotential (mV) Tmax.(msec.)
5.0x10™% 0.5 155 10

1.0 180 10
-4
1.0x10 0.1 105 15
0.5 120 10
1.0 145 10
5,0%x10™7 0.1 90 15
0.5 100 10
1.0 130 10
2.,5x1072 0.1 75 12
0.5 78 12

1.0 124 12
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were deoxygenated by bubbling nitrogen for 5 to 20 minutes.
A clean cathode was immediately immersed, after bubbling
of N, was stopved, and kept in contact with this-solution
for 5 minutes before determining the initial overpotential.
The resulits are shown in Tzble 29, Comparing these results
with those obtained without deoxygenation show that there
are no significant differences. Other experiménts were
done in which the cathode was immersed while bubbling the
nitrogen. The results are shown in Tavle 29, showing
an increase in the initial overpotential.,

Sulfide Film Formation on the Cathode Surface

11 was observed that in each case where the
cathode was immersed in standard solution containing
thiozcids or mercaptoacetic acid, tarnishing of the sur-
face took place. A brown-black deposit was formed immediate-
ly on the cathodle surface. However, after electrolysis,
this film disappeared completely. The darkness of this
film decenced orn the kind of additive used and its con-
centration, 21lso on the concentration of sulfuric acid.
An experiment was made To examine the chemical structure
of this film, in which copper rods were immersed in standard
solution containing thiopropionic acid for about 2 days.
The rods were washed thoroughly with water and then dried
with tissue paper and scraped to remove the brownish-black
deposit. An X-ray powder diffraction examination was mace
of the collected material. By matching the x-ray diffrac-

tion result with ASTI cards, good agreement was found to
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jndicate that the material was the non-stiochiometric copper
sulfide Cu1.96$ (see Table 30). It is therefore most likely
that the formation of Cu1.96S is the cause of the initial
overpotential. Another experiment was done to check this
assumption, After attaining the steady-state overpotential,
the current was turned off for about 30 seconds and then
turned on again. No initial overpotential was observed,.
However, by turning the current off for about 15 minutes,
then on again, an initial maximum overpotential was ob-
tained.

The Effect of H,S on the Covnper Surface

To investigate the fact that the initial over-
potential is due to copper sulfide formation on the metal
surface, the following experiments were conducted: The
cathode was pickled in 507 nitric acid, thoroughly washed
with water, then immersed in distilled water previously
saturated with HZS' A black film of copper sulf;de
appeared instantaneously on the cathode surface., The -
electrode was removed from the solution, washed with dis-
tilled water, and then used for electrolysis. On elec-
trolysis in 0.5M CuSOu and 0.0 stou but with no additive,
a maximum overpotentiazl of 11C mV was initially obtained

after which the overpotential dropped slowly to about 56

mV at steady state.

A second experiment was done in which the elec-

trode prepared as mentioned above was electrolyzed in
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' ' _ Table 30

X-ray diffraction results

Experimental Cuy ,96S (A.S.T.M.)
Internuclear Approxe. Internuclear
distances Intensity distances Intensity
a 1/1, d 1/1,
1.824 100 1.824 100
2,14 60 2.135 60
3.01 30 3.011 30
2,47 10 2,472 30
2,069 10 2,07 10
2,047 5 2,057 30

2,107 5 2,104 30
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0.5NM CuSOu. 1.0M stou solution, also with additive. An

initial overpotential was also obtained and a maximum of
115 mV was reached in about 50 seconds, after which the
overpotential fell slowly to a steady-state value of 104 mV,

Thioacids in 0.5 CuSQ, Na>SC), Solution

To investigate the probability that depolarization
of copper deposition by thioacids may be due to the change
in the ionic strength, from 0.0 H2304 to 1.0M H,S0y, or
due to the change of hydrogen ion corncentration, the
following experiments were done.

.Steady-state overpotentials with standard solutions
containing 0.5k Cu30, & 0.0, 0.1, 0.5, 1.0 m/1 Na2304 res-
pectively were determined. The results are shown in Table
31. The steady-state overpotentizls with the above solu-
tions containing 7.5}(10"5 m/1 thiopropionic acid and 2.5){10-5
m/1 thiobutyric acid respectively were measured and are also
given in Table 31. A comparison between the steady-state
overpotential of the standard solutions with and'without
additive indicates the following: 2) for standard solu-
tion without additive the steady-state overpotential in-
creases with increasing Na,50, concentration, b) a definite
overpotential increment was obtained with standard solutions
containing additives. However, this overpotential decreacsed
with increasing the Na,S50, concentration.

At high concentration of NaySC, i.e. 1.0 m/1,

The possible

no significant additive effect was obtained.

reason for this behavior is the specific adsorbability of
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Table 31
Overpotential for copper deposition from .5M CuSQOy and
sodium sulfate solution with and without additive

Current density = 20 mA/cm2

(a) 0.5M CuSQy - without additive

Concentration of NapySOy Overpotential
(mole/1) Overpotential (mV)  Increment (mV)
0.0 50 -
0.1 - 65 -
0e¢5 82 -
1.0 84 -
(b) 0.5M CuSOy + ?°5x10'5M thiopropionic acid
0.0 115 65
0.1 107 42
0.5 90 8
1.0 83 -1
(c) 0.5M CuSOQy + 2.5x1o‘5m thiobutyric acid |
00 124 74
0.1 95 30
0.5 87 5

1,0 85
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sodium ions with less mobility than the hydrogen ions. There-
fore, the overpotential effect of the thioacids will decrease
with increasing the Nazsou concentration,

Results of Qualitative Experiments

It was noticed that by adding mercartoacetic acid
to the standard solution containing €.0, 0.1, 0.25, 0.5,
0.75 and 1.0 m/1 sulfuric acid respectively, different
colors were obtained for each solution. In the first solu-
tion with no HZSOL1 a violet-blue color was obtained, while
for the rest, a yellowish-blue color was observed in which
the yellow color definitely increased with increasing the
sulfuric acid concentration. Quantitative spectroscopic
experiments were not successful because of the relativel
high concentration of cupric ions which absorb strongly in
the region required for jnvestization. The following
qualitative results were obtained:

1) Nercaptoacetic acid + H5S0, = no reaction
" 277k
(colorless solution)

2) lercaptoacetic acid + copper sulfate solution =
violet-blue color.

3) The violet-blue solution + sulfuric acid =
yellowish-blue solution.

L) lNercaptoacetic acid solution + sodium §u1fate
solution + copper sulfate solution = violet-

blue color.

5) Kercaptoacetic acid + H 304 solu?ion + CuSO4
solution = yellowish-blue solution, + HZO%
— wviolet-blue solution = blue solution o

the CuSOu.
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6) The violet-blue solution + Na,SO, = yellow solu-
tion. 3

7) The yellow solution + NaOH = violet-blue
solution = brown ppt.

8) The violet-blue solution in the cathode com-
partment separated from the anode by fine sin-
tered glass, cathodically reduced = yellowish-
blue solution.

9) The violet solution in the anode compartment,
separated from the cathode by fine sintered
glass, anodically oxidized = no change.,

These results can be summarized as gollows:

H
a) Violet-blue solution == yellowish-blue(greenish
OH
solution)
Reduction
b) Violet-blue solution yellowish-blue
Oxidation

(greenish solution).

A high concentration of the mercaptoacetic acid
(0.05:) was added to 0.5 CuSOu. 1,011 HySOy, whereupon a
fine yellow precipitate was found, The overpotential of
this solution was measured and was found to be 51 mV.
This yellow precipitate was filtered with extra fine sin-
tered glass, and both the precipitate and the filtrate
were collected. The filtrate was CuSOu blue, the over-
potential of which was measured and found. to be much higher
than previously (~75mV). The precipitate was added to
standard solution (0.5 CuSOu + 1.OMvH2804) and the
measured overpotential was 35 mV,

Polarosravhic Studies & Results

A Sargent Polarograph vodel XV was used in this

part of the study. Initially this work was done to test
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the ability of RSH compounds, i.e. thioacids and mercapto-
acids, to oxidize and reduce electrochemically, and also
to see the effect of CuSOy solution on their behavior or
vice versa. A 1.0x10°uM thiobutyric acid solution was pre-
pared in 0.0, 0.1, 0.5, 0.75 & 1.0 m/1 sulfuric acid solu-
tion respectively in sodium sulfate supporting electrolyte.
The results of potential sweep from +1.0 to -1.0 Volt for
the above solutions are given in Table 32, Two waves were
observed - one cathodic and the other anodic. The diffusion
current of the anodic wave increases with increasing sulfuric
acid concentration, also the oxidation process takes place
at less positive potential with increasing sulfuric acid.
With the cathodic wave, similarly, the diffusion current
jncreased with increasing sulfuric acid concentration and
the wave also shifts to more negative potential. Surprising-
ly, the shift in both cathodic and anodic waves, are the
same, equivalent to -0.12 Volt.

A potential sweep from O to -0.5 Volt results in
a very small cathodic wave, For additives with 0.0, 0.5,

& 1.0 m/1 H,S0,, the diffusion current of the cathodic
wave was 0.0584, .054, and .056 M2 respectively.

The diffusion currents obtained for the above solu-
tions for a potential sweep from +1.0 %o -1,0 Volt were
0.17, 0.25 and O.33fLa respectively. Another experiment
was done in which the thiobutyric acid was oxidized chemi=-

cally by iodine to R3SR before electrolysis. The result was
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Table 32

Polarographic behavior of solution containing 1.0x10°

thiobutyric acid as a function of HpSOy concentration

concentration cathodic wave Anodic wave

(mole/1) E1 (V) I (M2) By (V) Ig( MLa)

0.0 HpS0y -.18 17 - +.b5s L6

0.1 H,SO, -.18 .23 +.40 1.20

0.5 HyS0y -.22 .25 +oh2 1.60

0.75 HySOy -.26 .32 +.40 L.26

1.0 £,50, -.32 .33 4.3k 5.45 |
0.25 Hp30y, -.22 49 +.52 .29

1.0 1,50, -.20 48 - -

*Treated with I,.
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an increase in the diffusioh current of the cathodic wave
and decrease in the anodic wave. Numerical values are
given in Table 32. A possible reason for these resultis

is that the anodic wave corresponds to anodic oxidation of
the RSH to RSSR, and the cathodic wave is most probably due
to the cathodic reduction of RSSR to RSH.

Polarographic runs were made for two sets of solu-
tions. The first set was 0.01 m/1 CusSQ, in 0.0, 0.1, 0.5
and 1.0 m/1 H,S0, respectively, with sodium sulfate as
supporting electrolyte. The second set was like the first
except thét each solution included 1.Ox10'4 m/1 thiobutyric
acid., The results are given in Table 33. '

Table 33 indicates that sulfuric acid concentration
does not affect the cathodic wave(l) in the first set of
experiments, which is most 1ikely due to the reduction of
copper II (72). However, in the presence of thiobutyric
acid, a marked shift or most likely a new cathodic wave (2)
was observed which increases with jncreasing sulfuric acid
concentration.

Test for Cuvrous Jon in Solution

The results obitained in the previous two sections
indicate the presence of copper in the cuprous state in the
solution of CusQ, and HZSOQ with thioacid or mercaptoacetic
acid. Accordingly, a test of the presence of cuprous ions

was done. The method used was that reported in (73). How-

ever, instead of using neocuproine, 1,10 phenanthraline was

used, which formed a complex with curpous ions absorbing
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Table 33
Polarographic behavior of solution containing 0,14 CuSOy

as a function of sulfuric acid concentration

(a) 0.0 thiobutyric acid

?:%22}3? cathgii%vyave(l) Iy (FLa) cathgiigv§ave(2) I, (La)
5 3

0.0 EyS0y -.050 27

0.1 HpSCy -.055 26

0.5 HpSCy -.055 27

1.0 H,oSCy -.055 26

(v) 1.0x10’u thiovbutyric acid

0.0 HpS0y - .05 16.5 -.12 6.5
0.5 HySOy -.10 12,0
0.5 HpSOL -.12 10.0
1.0 HpSCy, -.10 14.0
1.0 HpS0y, -.11 12,9

100 HZSOLP —.10 17.0
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at 325 m}L . The procedure was first employed on standard
solution without thioacids, 0.5 CuSQy, 1.0 m/1 H,S0, . The
result was negative, i.e., no cuorous ions were present,

A yellow-coloured complex was obtained in the case of stan-
dard solution containing mercapotacetic acid. The mercapto-
acetic acid concentration used was reasonably high to give
sufficient product to be detected. This yellow.complex

absorbed at 325 m}L.

Microscovic Examination of the Electrodeposited Surface

1t has been reported (41) that the depolarization
effect of mercaptoacetic acid might be partially due to
an increase in the surface area of the cathode, and con-
sequently a decrease in the true current density. There-
fore, 2 microscepic examination of the cathode surface
was done for standard solution with and without depolar-
izer. All electrolyses were carried out for exactly 60
minutes. Solutions of 0.5 CuSCy and 0.0, 0.1, 0.5, and
1.01 LHyS0), respectively were used for electrolysis and
the electrodevosited cathode surfaces were examined
microscopically. Similarly, solutions of 0.5 CuSQy,
2-5X10-5M thiobutyric acid and 0.0, 0.1, 0.5, and 1,0M
HyS0,, acid respectively were examined. The magnification
used was about 4000 times the original surface. It was
observed that for standard solutions, increasing the
sulfuric acid caused the deposit to be finer and smaller,
in agreement with results reported previously (73,74) .

For solutions containing additives there was no difference




petween the cathodic surfaces obtained.and the-surfacés
obtained from solutions containiné no addifives (see Fig; 30)..
Due to illuﬂination Droblems. photographs of cathode elec-
trolyzed from ac1d1f1ed 0.5 .Cus0, were not obtained, because
of the fine.texture of the surface and low reflection of the,
light. Howsver, it can be seen from Fig. 30.that there 1is

no marked difference between the electrodepOSLued copper

for solution with and without addltlves, i.e., change in the
surface area cannot play an important rple_in dépolarization.
2) Discussion: |

The Effect of Thiozcids (in 0.5 CuS0;, 0.0 HASO:.

g

~The addition of thioacids to 0.5 Cud0y, 0.0 H2304
caused an increase in the overpotential of copper electro-
deposition (see Fig. 21). From the values of the over-
potential and i;fel slopes ovbtaired, charze transier is
expected to be rate-detérmining» Accordingly, the simple
blockins theory can e applied to this systen. The_frac-
tional surface coverage Wwas calculated usingz Eguation (L2)
from the overnotenflal 1ncreﬁents for thioacetic, tniovronionic )
and thio»utyric acids. The overpotential jncrements were ob-
tainéd by subtracting the 50 mV ootained vith standard O.5E
CuSOQ, 0,0 HZSOQ solution from each measuredISteady—state

overpot@ntial value., The standard free energy of adsorvtion

was calculated using Equation (40). The number of water
molecules revlaced by one orga anic molecule is expacted to
be 2, similar to the ﬁonocarOOKyTlc zcids, since the -CO3H .

group has the same projected srez as the ~-CCOH groub.
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Figure 30
Microscopic pictures of the electrodeposited copper

from 0.54 CuSOu solution
0.0 sulfuric acid without additive

0,0l sulfuric acid & 2.5x10’5 thiobutyric
acid
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The apparent free energy of adsorption was found to
be independent of the coveraze. This result is expected,
considering the low concentration of the additive used.

Equation (36) can be rewritten as:

2

e 2

22 = k¢ = --m-ee- (63)

+ 2 9 =
L(1-8)<

LXC

I

8(2-¢
1-6)%

e(2-€) = Lyxc
1-6(2-2)

e(2-) <+ bxc 6(2-e) = LKC
divide by 4K e(2-¢) C .
c/e(2-€) = 3K+ C  =mmme- (6%)

Plottinz C/g(2-¢) VS. C gave & straight line with
slope equal to unity and an intercept equal to %K-%or the
thioacids. The value of K and the calculated free energies
of adsorption of the thioacids are given in Tabdle 3,

B Table 34

Free enerzy of adsorption and adsorbadility of thioacids at

zero coverage

Additive ~ NG (keal/mole)  EQ mole”1)
Thioacetic acid ?.950 1.1}(101‘P
Thiopropionic acid 8;800 4.5x104
Thiobutyric acid 9.570 1.7x105

It can be seen from the stove table that the free

encrgies of adsorpntion of thioacids are much higher than for

the corresponding monocartoxylic acids. However, their
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magnitudeé are within the range of physical forces in the
adsorption process. In applying Equation (44), taking

o
g(8e) as zero, [SGC and ZSGSH were calculated, and found

OSH
to be -7.150 Kcal/mole and -8102cal/hole respectively. The
value of [}GSH is in the same order of magnitude as Z&GZH
obtained for t%e monccarboxylic acids. Based on the assum%-
tion that physical forces are the only forces involved in
the adsorption of the additives, the contribution of the
methylene groups to the adsorption free energy can be ex-
pected to be the same, even when using organic additives
with different functional groups. This assumption will
hold true as there is no chemical interaction between the
organic molecule and the metal surface, and also, &s long
as the presence of the functional group does not affect the
hydrocarton part of the molecule to any great extent. The
fact that AGEH obtained in this work is close to that
obtained for monocarboxylic acids, -704 cal/mole, and
close to values obtained by other workers (57,62,66),
i.e. -760, -770 and -809, (see page 84), indicates that
physical forces nust be the primary forces involved in the
adsorption process. It can also be predicted that thio-
acids most likely adsorb with the functional group toward
the metal.

Since there is a constant jncrease in the over-
potential sncrement on addition of each methylene groub,
Tranbe's rule is expected 1o apply to this system. Traube's

coefficient for thioacids was found to be 3.65.
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The Effect of Thiols in Acidified Agusous CuSCy

ThHiols did not show any depolarization effect in
acidified CusSO, solution. ©On the contrary, high overpotential
increments were obtained. It should be mentioned that for
this group of organic compounds only low concentrations were
used to avoid any precipitation of the coprper salts of these
organic additives. Just like for the thioacids, & was cal-
culated using Equation (42) and the standard free energies
were calculated using Equation (36). The apparent free
energy of adsorption was found to vary with coverage, simi-
lar to the mono- and dicarboxylic acids. The divole moments
of the thiols are in the range of 1.35-1.55 D. Accordingly,
the magnitude of the lateral interaction will be very close
to the lateral interaction free energy of tre monocarboxylic
acids. Therefore, the adsorption isotherm given in Equation
(45) will also be applicable to this syster. Considering
the difficulty and uncertainty in the calculetion of the
lateral interaction encountered in the case of monocarboxylic
and dicarboxylic acids, no attempt will te made to calculate
the lateral interaction for thiols. However, since bl 4 of
the thiol is very close to that.of the monocarsoxylic acid,
dipole-dipole interaction can be expected to te the main

contribution in the lateral interaction.

Similar to the monocarboxylic acids, the overpoten-

D

which the initial slope was obtained, (se

logarithm of the initjal slope is given in T
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The Effect of Thiols in Acidified Aguesous CuSQ;

ThHiols did not show any depolarization effect in
acidified CuSO, solution. On the contrary, high overpotential
increments were obtained. It should be mentioned that for
this group of organic compounds only low concentrations were
used to avoid any precipitation of the copper salts of these
organic additives. Just like for the thioacids, 6 was cal-
culated using Equation (42) and the standard free energies
were calculated using Equation (36). The apparent free
energy of adsorption was found to vary with coverage, simi-
jar to the mono- and dicarboxylic acids. The dipole moments
of the thiols are in the range of 1.35-1,55 D. Accordingly,
the magnitude of the lateral interaction will be very close
to the lateral interaction free energy of the monocarboxylic
acids. Therefore, the adsorption isotherm given in Equation
(45) will also be applicable to this system. Considering
the difficulty and uncertainty in the calculation of the
lateral interaction encountered in the case of monocarboxylic
and dicarboxylic acids, no attempt will be made to calculate
the lateral interaction for thiols. However, since }LD of
the thiol is very close to that.of the monocarboxylic acid,
dipole-dipole interaction can be expected to be the main
contribution in the lateral interaction.

Similar ‘o the monocarboxylic acids, the overpoten-
tial increment was plotted against the concentration, from

which the initial slope was obtained, (see Fig. 31). The

logarithm of the initial slope is given in Fig. 32 as 2




Figure 31
overpotential increment as a function of additive concen-
tration for thiols
O Ethanethiol

Propanethiol

Butanethiol
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Figure 32
Logarithm of the initial slope (AJ] /C)C~0 vs. rumber of

methylene groups in the thiol molecule
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functioh of the number of methylene groups in the thiol
molecule. From this figure, giving more weight to the
first two points, the values of ZSGSHZ and Z&Ggﬁ were
obtained from the slope and intercept respectively. They
were found to be -769 cal/mole and -5375 cal/mole respect-
ively. The value of Z&Ggﬁz satisfactorily agrees with the
values obtained for monocarbtoxylic acids and thioacids.,
Again, this supports the argument that considering physical
adsorption, the contribution of the methylene group to the
adsorption of an organic molecule should be the.same for
compounds with different functional groups. The standard
free enerzies of adsorption at zero coverage for the thiols
are given in Table 35.

Table 35

Standard free energy of adsorption of thiols

Additive - NG (Keal/mole)
Ethanethiol ~-7.9
Propanethiol -8.7
Butanethiol -9.5

The =ffect of Nercaotoacids

Nercaptoacetic acid caused an increase in the
overpotential of cobvper electrodeposition only in 0.5M

CuSo 0.0M H,50y solution. However, j-mercaptopropionic

L
acid and W-mercaptobutyric acid, increased the overpoten-

tial, both in non-acidified as well as acidified aqueous
CuSOu solution. It should be noted, therefore, that an

additive with the -S¥ group far from an electron-with-
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drawing group or with an -SH group alone (see the results
of thiols) cannot cause depolarization in electrodeposition
from acidified CuSOy electrolyte. This point will be dis-
cussed further in the next section.

From the overpotential increment with mercapto-
acetic; 3—mercaptopropionic and L-mercaptobutyric acids, the
fractional surface coverage Wwas calculated using Equation
(42). The apparent standard free energies of adsorption
were czalculated using Equation (36), and.were found to
be independent of coverage. Accordingly, Equation (64)
was applied and the adsorbability K and the corresponding
free energy of adsorption were obtained. These values are
given in Table 36. A plot of C/8(2-¢) vs. C is shown in
Fig. 33.

Table 36

Standard free energy of adsorption & adsorbability for

mercaptoacids
Additive NGS (Kcal/mole) K(1/mole)
L
vercaptoacetic -8.35 2,5x10
acid
3-Kercaptopropionic -9.79 2.5x105
acid
L-}ercaptobutyric -9.67 1.92X105
acid

It can be seen that'the free energy of adsorption
of mercaptobutyric acid is less than that of mercapto-
propionic acid. Considering that the free energy of ad-
sorption is the sum of the contritutions of each part of

the mrolecule, the frec enerzy of adsorption oI mercapto-
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c/e(2-e) function vs. additive concentration
for mercapto acids
o) mercaptoacetic acid
A mercaptopropionic acid

0 mercaptobutyric acid
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(o)
COOH"’

energy of adsorption of mercaptobutyric acid is less than

acid will consist of [}GZH, and AG Since the free
that of mercaptopropionic, an alternation behavior similar
to that of dicarboxylic acids can be expected, Accordingly,
mercaptopropionic acid, which corresponds to propanedioic
acid, is likely to adsorb with both functional groups to-
ward the metal, and a full contribution from each part of
the molecule will be possible. Applying the values of
£5G800H (-1570 cal/mole as obtained for monocarboxylic
acids), [}GgH (-760 cal/mole, the average for monocarboxylic
acids, thioac?ds and thiols), and [XG%H (-6375 cal/mole
obtained for thiols), the standard free energy of adsorp-
tion of mercaptopropionic acid can be calculated. It is
found to be -9.465 Keal/mole. This result is in good agree-
ment with but somewhat lower than the experimental value for
mercaptopropionic acid given in Table 36. This is similar
to the case of propanedioic acid, where the experimental
free energy of adsorption is also slightly higher than
that calculated from the contributions of each part of
the molecule. This discrepancy might be attributed to 2
mutual effect between the carboxyl and thiol groups, an
effect that can be expected to increase the adsorbability
because of the electron-withdrawing nature of both groups.
By using mean values of ZXGZOOH’ ZXGSHZ and [ﬁGgH
(from the thiols) for mercaptoacids, calculated [§Gg

vaelues are found as in Table 37,
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Table 37 |
Experimental & calculated free energy of adsorption for

mercaptoacids (in Kecal/mole)

A AL S AN -Acg

Additive experimental calculated calculated™” calculated***
Mercaptoacetic 8.35 8.70 7.13 2.33
Nercaptoproplonic 9.79 9,56 7.89 3.09
mercaptobutyric 9,67 10,32 - 8.65 3.85

* . . . . .
*considering adsorption with both functional groups.

* ¥

" 11 [ ] -SH group.
3% 3 2%
* " . -CO0H group.
The following observations can be made:

1) For mercaptoacetic and mercaptobutyric acids, the ex-
perimental free ernergy of adsorption is lower than the
calculated®. Accordingly, adsorption with only one func-
tional group is rmost likely. Also, the experimental free

* %
enerzy of adsorption is nizgher than the calculated , and

% .
much higher than the calculated , therediore, adsorption
with the -3H group is expected, It will also be noticed
that the difference tetween the experimental results and

* % . - .
calculated =~ decreases on passing from mercaptoacetlc to

mercaptobutyric. An explanation similar to that of the
dicarboxylic acids with (ENCA) can be applied here. While
the carbtoxyl group cannot fully contribute to the free

energy of adsorption, it will partially do SO vy decreasing
the electron density con the adsorbing functional group

due to its electron-withdrawing nvehavior. Accordingly,
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the effect of the -CCOH will be higher for mercaptoacetic
acid than for mercaptobutyric because of the increase 1in
the chain-length.

2) For mercaptoprovionic acid, comparing the experimental
results with calculated® and calculated™™, it is possible
to conclude that two-point adsorption is most likely, as
mentioned previously. Therefore, cis-configuration of the
two functional groups is the most likely factor here. Ier-
captoacetic, nercaptopropionic and mercaptobutyric acids
correspond to ethanedioic (oxalic), propanedioic and
butanedioic acids respectively.

Discussion of the Cevolarization Phenomenon

The depolarization phenomenon with some additives,
nas been reported by several authors (41,43,69,75,76,77)
Mercaptoacetic 2cid (¥AA) in acidified CuSOu electrolyte
was found to decrease the cathode overpotential throughout
the course of electrolysis (41). This effect was attributed
to a substitution of a more readily dischargeable 'AA-Copper
11 complex for the aquo-copper complex. Turner & Johnson
(76) found that thiourea in acid copper sulfate solution
displaces the rest potential of a copper electrode in the
positive direction. They sugzested that the depolarization
effect of relatively small amounts of thiourea might be
due either to the reduction of thiourea at the cathode or
to.complexes with cuprous ions and suggested that the
kinetics of copper deposition is limited by surface diffu-

sion of zdatomse. rercaptosuccinic acid was found to be a
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strong depolarizer, in acidified CuS0y solution, which wes
pelieved to be due to the formation of more readily dis-
chargeable mercaptosuccinic-copper complex (77). The de-
polarization effect of sulfo-acids at low concentration
nas been studied by Lebedeva & Popercka (78); and the
reduction in overall overpotential was attributed to secon-
dary electrcchemical conversion of the organic substances.

| Spreir & Smith (43) studied the depolarization
effect of sulfur-containing compounds, thiourea, sodium
thiosulfate, hydrogen sulfide and carbon disulfide. Their
explanation was that these compounds, Or products derived
from them, may form complexes with copper ions which are
more readily adsorbed on the cathode than hydrogen ions,
and cover most of the adsorption sites. In the adsorted
film the complex may accept electrons from the cathode,
at the same time releasing the sulfur compouad to form
a complex with another copper jon which is immediately
adsorbed. This was thouzht to explain why such a very
small amount of additive suffices to produce the larze
effect on the discharge process. The effect of thio-
compounds, sodium thiosulfate, thioglycolic acid, thio-
semicartazide, rubeanic acid, thioacetamide and sodium
sulfite, orn copper depositlon was studied by rarnes (69).
These experiments sindicated that under certain conditions
thio-compounds caused marked depolarization. They ex-=
plained this phenomenon on the basis that divalent sul-

fur compounds prevent u¥ jon inhibition bY forming 2
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barrier between the cathode surface and the electrolyte.
on account of the high polarizebility of the -HS™ anions,
which are preferentially adsorbed on the metal surface,
the electrochemical discharge reaction will be stinulated.

In agreement with the above authors, thioacids
and mercaptoacetic acid caused marked depolarization
during electrodeposition of copper from acidified copper
sulfate solution. The following discussion will be an
attempt to explain the behavior of these additives on the
basis of the results obtained in this work.

The l'echanism of Copper Devosition from Acidified CuSQj
Contzininz oepolarizer )

The overpotential-current density relation for
copper deposition from acidified CuS0Qy solution containing
thioacetic, thiopropionic, thiobutyric or mercaptoacetic
acids (Fig. 25 & 29) does not follow the Tafel relation.
The applicability of the Tafel-region is completely res-
tricted to low additive concentration, low sulfuric acid
concentration and high current density. The absence of
a Tafel-recgion and the low steady-state overpotential ob-
tained at a given current density could indicate 2 change
in the rate-determining step. The definite increase in
the exchange current density (Tavle 22,27) with increasing
additive concentration at a given HpSOp concentraticen, or
with increasing H,50, concentration at a given additive
concentration, could also indicate a shift in the rate-

determining process (11). fnerefore, the total overpoten-

.



167
tial might be expressed by Equation (32).

”

W
n

~’

r]=521_+i
ZF | 1o ZFV,

From this equation, the surface diffusion flux V, was
calculated at different current densities and i, was ob-
tained from the extrapolation of the overpotential-current
density curve to r\= 0 2t high current density. The numeri-
cal values obtained for different additives at various con-
centrations are given in Table 38.

Rockris & co-workers (6) have jndicated that for
surface diffusion to be rate-determining, equation (29) should
be satisfied (see pasze 13).

ZFV, € M zz/zz <ig (29)
The values of ZFVOe' F\ZF/RT and the corresponding i, are
given in Table 38, It can be seen that for thioacetic,
thiopropionic and thiobutyric acids, generally, at i <
18 mA/cmz, equation (29) is satisfied, i.e. surface-
diffusion is rate-controlling. For mercaptoacetic acid,

the same holds true but at i <10 mA/cmz.

From Tacle 38, it can be seen that ZFV, is a func-
tion of the following: 1) The current density: Z2FVg
increases with increasing current density. At low
current density, <10 msk/cm2 for thioacids, ZFVy 1s
smeller than the corresponding ige ror mercaptoacetic
acid ZFV is emaller than the corresponding i at 1

<5 mA/cmz.Z)Additive concentration: the higher the
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additive concentration the smaller is ZFV,  at a given current
density. 3) Additive type: This is particularly clear in
comparing thioacetic acid and mercaptoacetic acid. The
former gave much smaller ZFV, values at a given current
density and additive concentration. At a current density

<16 mA/cm2 surface-diffusion is rate-controlling in the

case of thioacetic acid, for mercaptoacetic acid lower
current density was needed to overcome the surface-diffu-
sion process (i ~10 mA/cmz).

From the above points it can be concluded that
ZFVy, which represents the rate-determining step, also
represents the depolarization behavior, i.,e. any factor
that increases the depolarization has the opposite effect
on ZFV,, and accordingly, on the rate-determining step.

Accordingly, from an understanding of the kinetics
of copper deposition from acidified CuSCy containing thio-
acids or mercaptoacetic acid, the mechanism of depolarization
can be predicted., This will be discussed in the next section.

It can be concluded from the results in Table 38
that the charge-transfer process cannot be the only rate-
determining step, and surface-diffusion must play an im-
portant role in copprer, deposition from acidified CuSQ,
containing thioacids or mercaptoacetic acid as an addi-
tive. This conclusion is supported dy the following facts:
1) +the low steady-state overpotential obtained, 2) high
exchange current density compared to the standard solution

without additives and 3) the lack of applicability of the
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rafel-relation to the overpotentlal-current density curves.
similar results were obtained by Eockris (12) for copper de-
position at low current density and also for copper deposi-
tion from standard solution on a copper electrode, the surface
of which was prepared by quenching in helium. It has also
been reported by 2ockris (6,79,80) for ag deposition that
similar results were obtained, i,e. the inapplicability of
the Tafel relation, low overpotential a2t the steady-state
conpared to that predicted oy calculation for the charge-
transfer process, and high exchange current density. The
general explaration of this behavior was that surface diffu-
sion of adions, from sites at which the ions are transferred
across tne double lazyer to or from those at wnich they are
built into the lattice, is the likely rate-determining step.
Since at a given current-density the rate-determining step
chanses from charze-transfer to surface-diffusion by & chahge
in the way in which the cathode was prepared, ockris (12)
concluded that surface-diffusion would te shown on the type
of catnode with fewer growth sites. The number of growth
sites was found to ve in the order of 107 cm'z, which would
be low enough to make surface-diffusion rate-determining.

The fact that there was no change in the type of
electrode used in this work eliminates the possivility that
the behavior of copper ceposition from acigified Cus30, con-
taining thioacids or mercaptoacetic acid mizht be dve to
the effect of the numbver of growth sites. It has been

argued recently (14) for deposition of copder from copper
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perchlorate on a copper single crystal, that the increase in
the cuprous 1ion concentration in the diffusion layer and
consequently the departure of the adion concentration from
the equilibrium value could change the rate-determining step
to diffusion-control. It should also be mentioned that an
initizl maximum was also obtained by Jenkins (14) for the
cathedic and anodic galvanostatic transient and is in agree-
ment with the results obtained here. This subject will te
discussed in detail later. Similar conclusions were ob-
tained by Ugo Bertocci (15) in which he indicated that
whenever the Cu+ jon activity is larger than the equili-
brium value, the process 1is szid to be diffusion-controlled.
According to the above argument, it is possible to
conclude for copper deposition from acidified CuSCy solu-
tion containing thioacids or mercaptoacetic acid, the
followirg: 1) There is definite change in the mechanism
of covper deposition, 2) It is most likely that surface-
diffusion is the rate-determining step, and 3) The sur-
face-diffusion mechanism cannot be explained by the numbver
of dislocztions or the number of growth sites, and therefore,
4) It is most likely that the change in tne mechanism is
due to the change in the cuprous jon concentration in the
diffusion layer, consequently increasing the adion con-
centration, Therefore, the removal of the adions from the
metal surface to the lattice site will be an important
factor in controlling the electrodeposition, The probable

causes of increased concentration of cuprous ions in the
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electrode vicinity are discussed below.

Klotz, Czerlinski & Fiess (72) examined the copper
complexes with thio-compounds (thiomalic and thioglycolic
acids) and found that on adding copper (II) ion to the thiol

solution the following reactions took place:

RSSR + Cu(I) + H'

N

RSH + Cu{IlI) =

------- (65)
cu(I) + RSH = RS - Ccu(I) + H*
T (66)
so that the net result 1is
2RSH 4 Cu(II) = RS - Cu(I) + 2RSSR + 2yt
------- (67)

These authors found evidence for the above reaction by
polarographic aralysis. It was also found that B -mercapto-
propionic acid did not form such 2 complex with copper (72).
This could tie in with the fact that B-mmrcaptopropionic
acid and similarly, L-mercaptobutyric acid, did not cause
depolarization in this work. The RS-Cu(I) complex was re-
ported (72) to have a yellow color. Similar results have
also been reported (81) when copper(II) is added to a solu-
tion of mercaptosuccinic acid., A transient blue-purple
color was observed initially, and the solution developed

a yellow color when the addition of copper(II) was com-
pleted, The yellow color jndicated that copper(II) was
reduced to copper(I) and the presence of the latter in
solution was confirmed by reaction with neocuproine and

subsequent extraction with chloroform (81) (see results



174
obtained in this work, ge 149). Schinzel and Benoit (82)

reported that mercaptoacids form cut salts in water (yellow)
and behave like respiratory pigments, absorbing oxygen with
the formation of cut™ salts (brown) which liberate oxygen
at reduced pressure with regeneration of cu’ salt. It is

also reported (83) that thiourea undergoes the following

reaction
NH, NH, NH,
24 | + l +
2Cu + 2?=S—~2Cu + ? - S-S -C+ 2H
hhz NHZ NH2

werner (84) studied the oxidizing action of selenous acid
on organic sulfur compounds according to the following
reaction

H,Se0; + LRSH = 2RSSR + Se + 3H,0 =---=--- (69)
and reported that thiozlcohols and thioacids needed eXx-
treme acidity to favor the oxidation. In diluted acid
solution thioacids give a white ppt. which is 2 complex of
the acid and steOB' Another factor worth noting is that
thioglycolic acid (mercaptoacetic acid) can be prepared
from its disulfide by electroreduction in 2N H,350, solu-
tion with almost 1007 efficiency (85,86).

Tn the light of the above discussion the results

obtained in this work can be discussed as follows:

The Effect of the Sulfuric Acid on the Depolarization

As indicated previously, p.11k, jncreasing the

sulfuric acid concentration jncreased the depolarization
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effect of the thioacids and mercaptoacetic acid (see Table
21). A typical plot of the total overpotential as a function
of the sulfuric acid concentration is given in Fig. 34, It
can be seen that the addition of acid caused an appreciable
jncrease in the depolarization, but change from about 0.25
to 1.0 mole/1 HZSOQ caused only a relatively small further
increase. The effect of sulfuric acid on the depolarization
ability of thioacids and mercaptoacetic acid, is most likely
due to its influence on their reducing power. AS mentioned
previously for mercaptoacetic acid at a given concentration
(see page 145), increasing the sulfuric acid concentration
increased the intensity of the yellow component in the solu-
tion., This could indicate the effect of the sulfuric acid
on the reducing power of the additive through its ability
to reduce cutt to cut (yellow) (72,81,82).

In the case of standard solution without additive,
increasing the sulfuric acid caused an increase in the
total overpotential (see Part 1 of Chapter III). For
standard solution containing thioacid or mercaptoacetic
acid, increasingz the sulfuric acid concentration caused
a decrease in the total overpotential. This could well
indicate that the effect of the sulfuric acid is not
likely due to some surface effect, but rather to chemical
effect on the thioacids.

werner (84) also mentioned that high acidity
was needed to oxidize the thioazcids. At 0.0M H2SO0L,

therefore, the reducing property of the thioacids 18
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Figure 34
overpotential as a function of sulfuric acid concentration

for thioacids
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most likely zero or very small and the additives will act
as normal polarizers. Increasing the acid concentration
will increase the RS-Cu(I) complex or even the Cu(I) ion,
equations (65) & (66), in the diffusion layer, and con-
sequently, depolarization will take place. However, it
seems that 2 minimum amount of acid is needed to induce
reactions like (65) to (67), (compare 0.25 mole/1 stou).
At acid concentrations lower than 0.25., a mixed potential,
partially polarization and partially depolarization, will
be obtained (compared at O.1 mole/1 HyS0y).

The =ffect of aAdditive Concentration on the Depolarization

As indicated on page 11%, at a given sulfuric
acid concentration, increasing the additive concentration
slightly increased the depolarization effect. This behavior
can be understood, bearing in mind the effect of the additive
concentration on ejuations (65) & (66). However, increasing
the sulfuric acid from 0.1 to 0.25 mole/1 caused a greal
increase in the depolarization (e.g. 2.5:»(10'LL mole/1 thio-
acetic). The overpotential dropped from 69 to &9 mV, while
increasinz the thioacetic concentration from 1.0x10 to
2-5K10_4, ij.e. 2.5 times, at 0.1 mole/1 H,50,, caused a
drop in the overpotential of only &4 mV, Therefore, the
effect of the additive concentration seems to e secondary
in comparison to the effect of the sulfuric acid.

The Effect of Increasinz the Evdrocarbon Chain on the De-
polarization

Increasing the hydrocarbon portion of the mclecule
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of the thioacids caused a slight increase in the depolar-
ization (page 117). This phenomenon can be connected with
the polarization effect of these acids in neutral CuSQ, solu-
tion. Increasing the hvdrocarbon chain length caused an
jncrease in the overpotential in neutral CuSOQy solution,

j.,e. it increased the relative reactivity of additive to-
ward the metal surface. Therefore, similar behavior should
be expected in the case of depolarization. Since the longer
the chain length of the molecule, the more stable the pro-
duct R3-SR and consequently, reactions (65) & (66) are more

favorable.,

The Zffect of NaxSCL_on the Devolarization Zffect of the
Thioacids

From the results obtained (rage 143, see Table 31),
it can be argued that the devolarization effect of the thio-
2cids is independent of the jonic strength but that it is a
function of the pH. A similar conclusion has been reached
by Klotz, et al (72) who indicated that the addition of
0.2 KNéB to a solution containing K3H and Cu(II) produces

no differences in behavior, nut pd change produces the

colored complex. This supports the fact that sulfuric

acid is important for the depolarization mechanism.

At a given thioacid concentration, jncreasing the
Na SOL concentration decreases the total overpotential up
to atout 1.0l n¢2304, at which point the solution gave
the same overpotential as a solution containing no additive.

This result might arise because preferential adsorption of

the positive = sodium ions on the nezative metal surfe

(\)



179
replaces the additive. A% high Na,S0, concentration (1.0%)

the additive will be ineffective, particulary because of

the low additive concentration and low mobility of the
sodium ions. The fact that the overpotential increment was
not appreciably negative (see Table‘31) indicates that there
is no depolarization effect of the thioacids in the pre-
sence of Nazsou.

From the results obtained one can contradict the
argunent given by Z2arnes (69) for the depolarization te-
navior of the thio-compounds (see page 165) in which it
is assumed that these compounds replace hydrogen ions on
the metal surface and on the account of their high polar-
izability (due to the presence of SH group), stimulate
the copper deposition. 1f the thio-compounds do replace
the hydrogen ions, they should be more strongly adsorbed
on the surface, and consequently, they should cause an
increase in the overpotential. Thiols, mercaptopropionic
and mercaptobutyric acids, which also contain the =SH-
group, do not cause any depolarizatioh. These facts
suggest that the above argument by 2arnes (69) is most
likely erroneous.

Discussion of Qualitative Results

From the qualitative results, it can be argued

that the addition of mercaptoacetic acid to CusSQy, oOr
to CusSQ, containing Nazsou. did not change the oxidation
state of the copper 1ons, while its addition to acidified

CuS0y, caused a decrease in oxidation state.
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It should'be noted that the addition of thioacids to non-
acidified CuSOu did not cause any change in color, however,
jts addition to the acidified CuSO, caused the development
of a yellow color similar to the mercaptoacids. Therefore,
it is most likely that mercaptoacétic.acid forms a curpous
complex with the copper jons in acidified CuSOy. According-
1y, and from the last part of the qualitative results,
page 146, it can be argued that the depolarization effect
of a thioacid or of mercaptoacetic acid must be due to
the cuprous compleXx formation.

Discussion of tolarosravhic Results

These results, page 146, support the previous
argcument that acidified solution is needed for the oxi-
dation of the RSH, and consequently, for the reduction of
copper II ions. The shift of the new cathodic wave(2) ob-
tained (see Table 33), and its increase with increasing
sulfuric acid concentration, could indicate the formation
of cuprous complex. In the case of 0,01 CuSOy, 0.0
1,50, and 1.Ox10'4m thiobutyric acid, both waves(1) and
(2) were obtained which could indicate that there is a
slight possibility of the formation of cuprous compleX.

As a further check for the proposed depolarization,
a2 test was made for the presence of cuprous ion. The re-
sulte indicated the presence of these ions when thiocacids

or mercaptoacetic acid were added to acidified CuSOy solu-

tion.
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ricroscopic Zxamination of Surfaces

The results of the microscopic examination (see
page 151) of the electrodeposited surface indicated that
there is no marked difference between the surface obtained
by electrodeposition from standard solution with and with-
out the additives. Therefore, it is possible to exclude
the idea that depolarization might be due to an increzase
in the roughness of the surface with a conseguent decrease
in the true current density. Similar conclusions have
peen reached before (77).

The Deveclarization =ffect of rercaptoacids

The relative effectiveness of mercaptoacetic acid
in decreasing the total overpotential is slightly less than
for the corresponding thioacids, i.e. thioacetic acid (see
Tables 21 & 26). Comparing the effect of mercaptopropionic
acid and mercaptobutyric acid “o +the corresponding thio-

propionic and thiobutyric from the results odtained in

[dd

Tahle 18 & 21, it can be seeéen that while the depolarization

increased slightly from the thiopropionic to thiobutyric,
mercaptopropionic and mercaptooutyric acids did not cause
depolarization with any sulfuric acid concentration. Accor-

dingly, it can ove concluded that not only the presence of

the -SHE group is required to cause dépolarization, but also

a strong clectron-withdrawing group close to it. This will

explain the fact that mercaptoacetic showed less ability
to depolarize than thioacetic since the -SH group is further

away Tfrom the carboxyl groud. For mercaptorropionic and
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mercaptobutyric acids, the depolarizing effect of the -SH
group will completely disappear and the additives will act
as normal polarizers, Supporting evidence for this con-
clusion is found in work done by Xlotz et al., (72) in which
thioralic acid gave a strongly colored complex with copper
jons, thiozlycolic zave a less strongly colored complex
while f?—:ercaptopropionic acid did not form such a complex
with copper. It has also teen suggested by Fernando &
Freiser (87) that f;-mercaptopropionic acid is much more
stable than thioglycolic acid, which is rezdily oxidized
to dithiozlvcolic acid. In addition, Sukava et al, (17)
have found that A -mercaptopropionic acid cause only an
increase in the overpotentizl oX copper electrodeposition,
which asrees with this wori,

From the above discussion the mechanism of the
depolarization tehavior of the thioacids and mercapto-
acetic acid can be summarized as follows: 1) In non-
acidified Cu30y solution these additives behave as normal
polarizers, 2) In acidified CuSCy solution, the additives
reduce the cupric ions to either cuprous ion or most
likel cuprous complex from which discharce takes place.
The fzct that small amounts of 2dditive can cause appre-
cizble depolarization for long periods of electrolysis
( ~ 12 hours) could indicate that the cuprous complex is
most likely vreferentially adsorbed on the metal surface.
On discharsing the cuprous ion, the additive part of the

connlex will te free to enter the reaction azain (43).
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3) The presence of -SH group alone is insufficient to cause
depolarization (thiols , mercaptopropionic, and mercapto-
butyric acids). Accordingly, the assumption that depolari-
zation might bve due to the high polarizability of the -SH
group and its stimulation of the discharge process can be
excluded. 4) It is unlikely that depolarization is due to
any increase in the true surface area. 5) Since the discharsge
process will take place from a cuprous ion or cuprous complex,
a change in the mechanism of depos ition can be expected.

From the above points the mechanism of copper de-

position in the presence of devolarizer is most provabvly as

follows:
cut + e > Cu_,  mmmm=-- (70)
ad
Cu, 4 surface diffusion, Culatt. ------- (71)
Or ' -
RS - cu(l) + e—— ——»Cu4q + RS
------- (72)
L diffusi C
Cuad surface difiusion, ulatt. (71)

Reactions (70) or (72) are known to be fast (10,
12), "Pherefore, it is most likely trat reaction (71) is the
rate-dtermining step, i.e. the rate of removal of the adions
will be rate-controlling. This argument agrees vith the re-
sults obtzined from the kinetics of deposition considering
the overpotential-current density relation in which surface-

diffusion was concluded to be rate determining.
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On the basis of the atove mechanism, it can be pre-
dicted that if the current density increases above 20 mA/bmz.
a mixed mechanism will take place. Further increase in current
density .might cause & complete change in mechanism, i.e, when
the current density is high enough to consume all the cuprous
ions supplied by the additives, as soon as they arrive at
the metal surface, the discharge process must also vegin to
take place from the cupric ions. Accordingly, 2 charge-
transfer mechanism will become rate-controlling. This pre-
diction is in agreement with the results obtained by Sukava

et 21 (42) in which the zddition of cystine to solutions con-

ning mercaptoacetic acid caused an intermediate overpoten-

[l

ta

tial. Since the mercaptoacetic acid actis on the mechanism

of deposition and the cystine acts on the surface of the

metal by adsorption to increase the current density, an
intermecdiate overpotential will be expected., Results ob-
tained by Shrier & Smith (L3) also agree with this prediction.

Discussion of the Initial aximum Overvotertial

Initial raximum overvotential, at the teginning of
electrolysis, has been observed and reported by several
authors (20,69,70,?1,88,89) similar to the one reported
in this work (see page 117 & Table 23). Vermilyea(892) had

analyzed the long-tinme transient behavior of a metallic

electrode subjected to a current pulse. The analysis was

tased on the spiral growtn model and assumed thai if there

-

on conirol of the rate of deposi-

}-de

ffus

‘..u

is partial surface-

that there is initially 2 large overpoten-

O]

tion, it follow
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tjal corresponding to 2 relatively large distance beiween
steps; & decrease in the overpotential would then be ob-
served over & period of tire corresponding to the shortening
of the distance between steps as the growth spiral wincs up.
This assumption has been supporied expar imentzlly (89,90) in
copper deposition and also witb zinc, which show a transient
lasting for about 0.5 second, Transients were also observed
by Essin, Antropov, and Levin (91,92) during deposition
of copper from very pure copper sulfate solution. The ini-
tial overpotential was higher than the steady value, and
the difference increased with increzsinz current density.
These transients lasted for 2 few minutes at about 1 mA/cmz.,
14 was also noted by Vermilyea (89) thzt if the steady-
state current was inter rrupted for arout 2 second, the over-
potential was unchanged upon reapnlication of the current.
ATter a minute, there was & transient srzller than the ori-
ginal, and at sout an hour was required to restore the initial

conditions and produce the sane hizh overpotential transient.

ct

1 the initial overpoten-

‘.u

Identical resultis were obtaired w
Fal

tial in this work. Fig. 35 shows 2 replot of ong of the

. N . . 2
curves for zinc deposition 2t a current density of 1 mifen”,

t
which shows transient lzsting for ztoux 0.05 seccnds (eC).
Jenkin's (1lt) explaration of this phenomenon can de summar-
ized 2s follows. The dependexnce 0" the overpotential on

s zesumed that surface diffu-

=l

d
time can be understood if it

sion coefficicnis are rnuch suzller than +hose for




185
tjal corresponding to a relatively large distance between
steps; & decrease in the overpotential would then be ob-
served over a period of time corresponding to the shortening

of the distance between steps 2s the growth spiral wincs up.
This assumption has been supported experimentally (89,90) in
copper deposition and also witbh zinc, which show a transient
lasting for about 0.5 second. Transients were also observed
by Essin, Antropov, and Levin (91,92) during deposition

of copper from very pure COpper sulfate solution. The ini-
tial overpotential was higher than the steady value, and

the difference increased with increzsing current density.
These iransients lasted for a few minutes a2t about 1 mA/cmz,.
I{ was also noted ty Vermilyea (89) that if the steady-

state current was interrupted for avout 2 second, the over-
potential was unchanged upon reapplication of the current.
A{ter a minute, there was 2 transient smzller than the ori-
ginal, and avout an hour was required to restore the initial
conditions and produce the sane hizh overpotential transient.
Identical fésults were obtaired with the jnitial overproten-
tial in this work. Fig. 35 shows 2 replot of one of the
curves Tor zinc deposition at 2 current density of 1 mA/cmZ,

sent lasting for zbout 0.05 seccnds (oC).

"N

O

which shows trans

Jenkin's (14+) explanation of this phenomenon can be Summar-

jzed 2s follows. The devendence of the overpotential on

time can be understood if it jg assumed that surface diffu-

sion coefficicnis are ruch cmzller than those for
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Figure 35

Voltage variation during deposition from 1l ZnSOu
solution onto a single crystal of zinc at a current
density of the order of 1 mA/bmz.

This report was taken from reference (89 ).

Overpotential-time relation for Ag deposition
i = 500 mA/cm2

This figure was taken from the original reference(6).
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similar processes in solution, and if it is assumed that
the exchange of adatoms a2t steps are hindered in some manner.
On closing a circuit, the initial current is carried largely
without reaction at the steps. As the surface concentration
of adatoms changes rapidly from the equilibrium value, other
necessary events occur such that the conditions required for
steps to act as sources or sinks for adatoms are established,
Therefore, reaction tegins to occur at steps, and continued
reaction produces gradual changes in surface adatom concen-
tration toward the equilibrium value in efforts to establish
the steady-state concentration. However, under the given
experimental conditions, the net flux of adatoms at steps
was assumed to be such that the theoretical steady-state
surface adatom concentration was slow in being established,
since most of the adatom flux at steps served largely to
support the net reaction rather than to change the aver-
age surface concentration of the species (as will be seen
later)., "It is also proposed that voltage-time relation-
ships are influenced by events occurring at the metal-
solution interface. Obviously such a mechanism assumes
the occurrence of time-dependent phenomena.

Accordingly, it can be assumed that if the steady-
state process 1is surface-diffusion controlled, an initial
meximum should be observed on starting the electrolysis.

Since an initizl maximum was obtained with all additives

that caused depolarization, then surface-diffusion is likely

to be rate-determininz. This agrees with the results ob-
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tained previously (see pages 166, 183).

Discussion of the Factors Affectinz the Initial Naxima

From the x-ray diffraction of the powder collected
from the surface of the copper electrode after immersion in
CusQ,, electrolyte containing thioacids (see page 139), it
was found that a non-stiochiometric copper sulfide was
formed on the surface of the copper. The experimental re-
sults for the effect of HZS (see page 141 ) and the immer-
sion time-initial overpotential relation (see page 128 )
also indicate that the +tarnishing of the copper surface,
most likely due to formation of copper sulfide, is 2 con-
tributing factor in the initial overpotential. The sulfur-
jzation of copper is well known, due to the high reactivity
of copper to sulfur. The tarnishing process of copper has
been studied by several authors (93,94,95). The effect of
elementary sulfur dissolved in organic liguids (93) on
copper results in a highly porous deposit appearing as
black or‘grey spots of copper sulfide with a composition
varying between Suy ¢S and Cu1.885' fhe sulfurization of
copper has also been studied using different sulfur-contain-
ing organic compounds (thiourea, diphenylthiourea, diethyl-
disulfide and diethyltrisulfide) by ILlopis, Gamboa & Arizmendi
(94,95). The reéults obtained (9%,95) indicate the formation
of a non-stiochiometric sulfide with the approximate compo-=

sition Cu,S. Gorbunova & Suntiagina (96) have studied the

effect of 3-containing additives (thioacetic acid, thiourea,

etc, ) on the clectrodeposition of N1 from NisC), electrolyte,
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and it was found that the sulfur content in the deposits in-
crezsed with increasing solution acidity and increasing
concentration of the additives., The sulfur content 96)
was found to te due mainly to nickei sulficde,

The effect of sulfuric acid_and additive concentration
on the initial overpotential meximum obtzined in this work

for thiozcids and mercaptoacetic acid agrees with the results

(

additive concentration can bte easily understood, since in-
]

Y}
\0

obtzined by Corburnova % Sutiagin §). The effect of
creasing this concentration will jncrease the rate of sulfur-
jzation, and conseguently increase the initial ma2ximum., The
effect of sulfuric acid, which is nox directly involved in
the sulfurization, is most likely to enhance the reactivity
of the additive (95). The effec{ of deoxygerztion on the

nitial overpotential (see page 13%) indicated that there

[ ad

waes no significant effect if the electrode was immersed

after stopping the nitrogen budbling, However, if bubbling
took place while the electrode was irmersed in the solution,
the initial overpotential increased. with this experimental

 fact and with the effect of irmersion time on the init

1
overpotential, it is possible to arzue that sulfurization of
d

the copper surface is diffusion-controlled, i.e., the
sion of the additive from the bulk of the solution to the
metal surface is rete-determining., ©This is supported DY

+ential as a func-
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(30,97). |

Discussion of the Initial Overvotentizl-Current Density
Relation _

From the results obtained (see page 125, Table
23 and Fig. 26), 1t can be argued that initially charge-
transfer 1is the rate-determining step. It can‘also pe
argued that T __ is a direct function of the rate of
formation of fresh copper sur?ace. The ihitial overpotentizal
obtained in the presence of mercaptoacetic acid occurred for
a short duration, 7—maxf<:20 nsec., compared to that obd-
.tained when thioacids were used, 'Tmava27 sec. This can
be attributed to a difference in reactivity of these addi-
tives and conseguasntly, a difference in the amount of sul-
furization. In the case.of mercaptoacefic acid only very
light tarnishing was obtained, therefore, only 2 short
period of time was required to reach the steadyfstate value, )
For thioacids, a2 dark heavy tarnishing wes obtained, and
a longer time was needed to reach the stage where deposi-
tion takes place on fresh'copper surfzce. This argﬁment

can also be sunuorted by the observation that mercaptoacetic

acid was less effective in causing deoolarization relative

>

to thiozcetic acid, i.e. the former was less reactive (see

Taple 21 & 26).

the Initial Cvervetential

=1y

ion o

(I)

General Dis

From the experimental results and the preceding
discussion, the following points may te noted: 1) ©On
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immersing the cobpper electrode in CusCy solution contalining

0,
Y
[N
0
'3
0
o
w
e
ot
-4+
1_.)

}.J
]
p
U

thioacidas or mercaptoacetic aci



191
formed on the surface of the copper. This has been identi-
fied as a non-stoichiometric form of copper sulfide. 2) On
closing the circuit, copper deposition will commence, but
dve to the presence of CuZS on the copper surface, the ex-
chanze process involving the adatoms will be hindered (14).
Dus to the coverage of the surface bty 2 sulfide film, high
overpotentials will be obtained corresponding to high local
current density. The adatom concentration at this instant
will be much less than the equilibriunm value, conseguently,
charge-tiransfer will be rate-controllinz. The reaction pro-
duces gradual changes in the surface zéatom concertrztion
toward the equilibrium value 2s the sulfide film is covered .
or occluded in the newly deposited layer of copper., Simul-
taneously, the aprproach <o equilibriun adatonm concentration
and the formation of a clean covper surface will change the
rate-determining step from charge-transfer to surface ¢iffu-

sion. 3) The overpotentizl will grzduvally decrease 10

‘_J
c

estzblish the sieady-state value,

Since the sulfurization process is most prebadly

diffusion controlled, trat is, it is riuch slower than the

arrival of copper lons 1o the surface, &

face will be obtzined after a short noriod of electrolysis.,

(

After the fresh swlace is zchieved, the steady-staie pro-

cess will normally take place. To support this argurent,

it mey be noted that on interrupting the electrolysis for

only a few minutes, no initial maximun overpotential was

observed. A long cessation of current flow was required to
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restore the conditions for the initial maximum overpotential,
This is consistent with the argument that the initial over-
potential was most probably due to sulfurization of the
copper surface, and secondly, that sulfurization was pro-

tably diffusion controlled.



PART 1V

Results & Discussion of Croup III Addition Agents

1) Results:
This group includes the dihydroxy compounds, the
diols. These compounds, similar to Group I additives, in-

crease the steady-ctate overpotential during copper electro-

deposition. An alternation similar tc the dicarboxylic acids

was observed in the effectiveness of the diols in increasing
the steady-state overpotential., Steady-state overpotentials
as a function of additive concentration are shown in Fig. 36.
Generally, 2 higher concentration was needed to give any
significant increase in the overpotential than that fequired
with Group I compounds. The numerical values are given in
Table 39, For a given diol, the overpotential increases
with increasing concentration of the additive. Generally,
diols with an odd number of carbon atoms are more effective
than those with an even number in increasing the overpoten-
tjzl. This is easily seen by comparing 1,3 propanediol to
1,4 butanediol and 1,5 pentanediol to 1,6 hexanediol., How-
ever. the expected increase in overpotentizl on increasing
the chain length from 1,3 propanediol to 1,5 pentanediol was
not observed. Instead, 1,5 pentanediol was found to be

less effective in increasing the overvotential than 1,3
propanediol. It should be reported that the 1,3 butanediol
used in this siudy was a mixture of the d & 1 form, and
gave a slichtly higher cverpotential increment than the
1,4 butanediol.

193
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Figure 36

Overpotential increment as a function of additive concen-

tration for diols (AF] vs, log C)

1,2 ethanediol
1,3 propanediol
1,4 butanediol
1,3 butanediol
1,5 pentanediol

1,6 hexanediol

b &6 B » @ O
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Table 39
Overpotential as a function of additive concentration
for copper deposition '
Current density = 20 mA/cm2

(2) 1,2 Ethanedicl

Additive concentration Overpotential
(mole/1) Increment (mV)
5.0x1075 25
7.5x10:1 . 27
1.0x10 28
2.5x10:% 31
5.0x10 1 36
7.5x107 38
(b) 1,3 Propanediol
Additive concentration Overpotential
(mole /1) - Increment (mV)
-2 :
5.,0x10 35
7.5x10‘f L2
1.0}(10—1 50
2,5%x107 83
s,0x10"1 96
7. 5x107 113
(c¢) 1,4 Putanediol
Additive concentration Overpotential
(mole/1) Increment (mV)
-2
5,0%10 25
7.5x10—§ 28
1.Ox10-1 30
2.5x107 32
5.,0x10” 8

7.5x10"1 3
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Table 39 (continued)

~

(d) 1,5 Pentanediol

Additive concentration Overpotentizl
(mole/1) Increment (mV)
5.0x10™2 27
7.5x10'§ 33
100}(10- L}O
2,5x10"1 53
5,0x10"1 60
7.5x10"1 66
(e) 1,6 Hexanediol
Additive concentration Overpotential
(mole/1) Increment (mV)
5.0x1075 19
7.5x107 22
1.0x10"1 2l
2.5x10’% 26
5.,0x107 30
7.5%x1071 37
(£} 1,3 Zutanediol
Additive concentration Overpotential
(mole/1) Increment (nV)
5,0x1075 | 27
7.5x10 ' 29
1.0x10‘% 32.5
2,5%x107 _ 37
5.0x10"1 L8

5.5%x10°1 L9
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®) Discussion:

As seen from the results (paze 193 ), alternating
behavior was observed with increasing chain length. for the
effect of these additives on the cathode overpotential. (It
shoulé be mentioned tha+t 1,3 propanediol and 1,5 pentanediol
nave a distinct odor while 1,4 butanediol and 1,6 hexarediol
do not, which is another indication that alternation in the
physical properties of these compounds occurs).

A typiczl plot of the overvotential increment vs.
concentration is shown in Fige. 37. The initial slopes
(Z}r]/c)c*o were obiained for all the additives in this
group and the Gg values were calculated according to

Equation (359)

(A5
(AN /c) - 2b e “al _ /RT
r] Cc—~0 55,5 8=0

(59)

It should te noted that there was considerable
difficulty in ottaining the inital slove with ethanediol,
1,4 butanediol, and i,6 hexanediol, and the cbrresponding
[SGZ values are uncertain. The numericzl values for the
sloves and the apparent standard free encrgies of adsorption
are givén in Table LO.

The vlot of Log([}ﬂ /C)C~O vs. x, the number of
carbon 2toms in diol molecules, js shown in Fig. 38. It
is clear that an alternation behavior exists. Fig. 38 also

that the degree of 2lternation decreaces with in-

icate

0,
Fl

in

¢
Ul

crezsins number of carbon atoms. mhe same argument which
ing mber Of ! C £
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Figure 37

Overpotential increment as a function of additive concen-

tration for 1,3 propanediol (Af“ vse C)
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Table 40
Initial slope (AN/C) and the standard free energy of
c—-0 &y

adsorption for the diols

LOgQﬁﬂ/b)Cao QSF]/C)C*O -ZSGS(Kcal/hole)

Additive
1,2 ethanediol 2,5250 3.35x102 3.10
1,4 butanediol 2,5855 3.85x102 3.20
1,6 hexanediol 2,6628 4.6Ox102 3.30
1,3 propanediol 2,9542 9.00x102 3.70
1,5 pentanediol 2,8262 6.7Ox102 3.53
2

1,3 butanediol 2,7260 5.20x10 3.38
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Figure .38
Logarithm of the initial slope (Ar] /€)eno VSe number of

methylene groups in the diol molecule

A 1,3 butanediol
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applied Ior dicarboxylic acids with (ENCA) and (ONCA) can
ve used to explain the behavior of the diols. That is, diols
with (0ONCA) most likely form two-point attachments with the
copper surface, and conseguently & higher free energy of

adsorption is expected, whereas diols with (ENCA) with the

ol

two hydroxyl group in trans-configuration can only adsorb
with one functional group. The non-adsorbing group will

most likely te solvated.

Considering 1,3 propanediol, thé internuclear dis-
0
tance tetween the two hydroxyl groups is 2,403, which matches

closely the shortest internuclear distance of the copper
lattice. Therefore, strzin-free two-point adsorption might

be possitle.

In the case of i,5 certanediol, the internuclear

ry

o .
distance bhetween the two nydroxyl groups 1S L,94i, which
is gifferent than the closect internuclear distance of the

0 3 .
copper lattice, 5.14, (avout 1L%), Due also to the hizgh

solvation power of the nydroxyl group, & total contribution

from each part of the molecule to the adsorption free enersy

cannot be expected.
Considering the fact that the hydroxyl group can

ve rore solvated than the carboxyl roup, the btehavior of

the 1,5 rentanediol relative to the 1,3 propanediol can be

understood.

. . : . -
1,3 butanediol watc & mixture of +he d- ana 1-forme,

and acco~dingly, nO definite conclusions can ve drawn about

the c¢ffect of struchtural gifferences. However, if it is
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In the czse of 1,2 ethanadiol, 1,4 rutanediol and

1 £ ava—asinl alfzAr~tian~ i 3w .. +o H
,£ nexansdiol, 2asCIpN1C is lixelw to take place wiln
. s

-droxyl froup
could te predicted from +ha results ontained for 1,3 pro-

panediol, 1in which ezch part of the molecule contrivutes

to the free energy of adsorption. Assumlng the avora e

value of [322” is -7&0 cal/mole, the total contribution

from the hydrocarbon rart of the molecule 1is 2280 cal/mole.

iccordirsly, ecach hydroxyl aroup will contribute an avorase

710 cal/mole to the free cnergy of adsorption (see

o}
‘.Q’
|

Table »0). This result agrees with that obtained by
2 surville (é4) for the adsorption of aliphatic

aleohols on mercury on the basis of differential capaci-

tarnce measurements, ZSG3~ - -770 cal/mole.

IS
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From the results of thioacids (page 155), thiols

(page 159), and monocarboxylic acids (paze 83), the follow-

inz equation can be introduced:

-COSH + =0H

-COOH + -SH
A = 715 + ? = -1.57 + -6.37 Keal/mole
-=—e===(73)
Accordinzly, Z}GSH can be calculated. The average value
of ZXGSH was found to be -790 cal/mole and for ZXGS;B -780
cal/mole., This results in satisfactory agreement with the
value ohtained for 1,3 proranediol.

From the value of [SGSH, it can be predicted that
adsorvtion cf aliphatic monofunctionzl alcohols with the
functional zroup toward the metal is not strongly favored,
since its free enerzy of adsorption is approximately the
sare as that of the methslene Zroup. Since the hydroxyl
group is much more hydrophilic than the hydrocarbon part of

molecule, adsorption with the hydrccarbon part of the mole-

v

cule will be more likely., This is in complete agreement
with the results obiained in experiments on the adsorption
of 2liphatic monofunctional alecohols on a copper electrode
(¢7), and in turn, it suoports the results obtained in

this work.
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From the results of thioacids (page 155), thiols
(page 159), &nd monocarboxylic acids (page 83), the follow-

inz equation can be introduced:

-COSH 4+ =-0H = -COOH <+ -SH

15G2 = -7.15 + ?

-1.57 4 -6.37 Kecal/mole

Accordingly, Z}GSH can be calculated. The average value
of Az° was found to be -790 cal/mole and for Ac® = -780
OH ' c=0
cal/mole., This results in satisfactory agreement with the

value obtained for 1,3 propanediol.

From the value of [SGSH. it can be predicted that
adsorption of aliphatic monofunction2l alcohols with the
functional group toward the metal is not strongly favored,
since its free enerzy of adsorption is approxirately the
same as that of the methylene group. Since the hydroxyl
group is much more hydrophilic than the hydrocardon part of
molecule, adsorption with the hydrccarbon part of the.mole-
cule will be more likely. This is in complete agreement
with the results obtzained in experiments on the adsorption

of 2liphatic monofunctional alcohols on & copper electrode

(97), and in turn, it supports the results obtained in

this work.



PART V

Results & Discussion of Group IV Addition Azents

1) Results:

Similar to Group I and III, the compounds in Group
IV caused an increase in the steady-state overpotentizl during
electrodeposition of copper. The effectiveness of cyclohexanol
was much less than that of cyclohexanécarboxylic acid. How-
ever, the unsaturated (i.e. aromatic) benzoic acid w=s much
more effective than the corresponding safurated cvclohexane-
carvoxylic acid. 1,2 (cis) cyclohexanedicarboxylic zcidé is
slightly more effective than the corresponding monoSunctional
compound, but less effective than 1,2 henzenedicarzoxylic
acid, phthalic acid. The latter in turn is more eifective
than the corresponding monofunctional benzoic acid. 1,3
tenzenedicarboxylic acid, jsophthalic acid, was 2lso used
as an additive, but due to solubility problems, only guali-
tative results were obtained. The above resultis are shown
in Fig. 39 and numerical values are ziven in Tatle L,
2) Discussion:

tenzoic, Fnthalic & Izopnhthalic Acids

The relative effectiveness of these additives in

increasing the cathode overpotential was found to Te fairly

high. The adsorption of aronatic conpounds on & retzl sur-
N~ e ] ]

face, particularly mercury, has been studled (22,25,53). 1In

J
particular, the adsorption of aromztic amines on mercury

- - Id -
has been siudied in some detail by Convay & zarradas (235,

—_

53) and bty Zockris, et al. (24). Their results can o€
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Figure 39

overpotential increment as 2 function of additive concen-

tration (Ar" vs. log c)
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Figure 39

Overpotential increment as a function of additive concen-

tration (Al’“ vs. log ¢)
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Fig. 39
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Table 41
Overpotential as 2 function of additive concentration
for copper deposition

Current density = 20 mi/cm?2

(a) Cyclohexanol

Additive concentration Overpotential
(mole/1) Increment (mV)
1.0x1072 18
2.5x1075 29
5.0x10 2 30
7.5x10‘1 : 32
1.,0x10° 35

(v) Cyclohexanecarboxylic acid

Additive concentration ' Overpotential

(mole/1) Increment (mV)
1.8x103 18
b, 4x10"3 10
5,2x1073 52
8.8x1o-32 88
1.07x10§ ' 908
1.,6x10" 110

(¢) 1,2 - cis-cyclohexanedicarboxylic acid

Additive concentration Overpotential
(mole/1) Increrent (mV)
2,5%x1072 40
5.2x1073 82
8.0x1077, 100
1.02x107 117

1.60x10™2 130
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Table 41 (continued)

(d) Benzoic acid

Additive concentration Overpotential

(mole/1) Increment (mV)
7.0x10™% 50
1.0x10"3 ' &l
5,0x10™J 110
7.5%x10=3 132
1,0x10~% 154

(e) Phthalic acid

Additive concentration Overpotential
(mole/1) - Increment (mV)
1.3x10"2 148
2,6x10"3 172 ,
5.1x10"3 19k
7.5x10"2 200 ‘
1.0x10"% 216

(f) Isophthalic azid (Qualitative)

Additive concentration Cverpotential
(mole/1) Increment (mV)
g.gxigzg (app{ox.) gg.g
5.0x1077 "o 30.0
I'ZX1O-4 Y ’ 35.0
2.5x107 Ls.0
(g) Phenol
Additive concentration Overpotential
(mole/1) ' ' Increment (oV)
-2
5.0x1075 50
7.5x1077 73
1.Ox10-1 90
1.5x10° 112

2.5%x10” 150
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sunmarized as follows: 1) Aromatic compounds, whose

®

T -electron ring may interact with 2 metal surface in th

anodic region of the coverage-voltaze curve, are adsorted as

e

regular cations in the cathodic region. 2) The adsorption
of aromatic compounds on the positive Tranch was principzlly
determined by 7 -electron interaction aznd on the negative
branch by Coulombic forces. 3) The 7 -electron interaction
with the elecirode surface can be nezlected in the perpen-
diculer configuration

From the above arzgument, and since the copper
cathode is negatively cherzed, it is most likely that
benzoic acid and phthalic acid adsord perpendicular to
the copper surface with the functionzl group toward the
metal. Accordingly, the appazrent stancdard free enerzy
of adsorption of benzoic and phthalic acids can te ob-
tzined by using Equation (72). Plotting C/6(2-2) vs.
C gave a2 straight line, the slope a2nd the intercept of
‘hich were obizined from a2 least-square computer pro-

gram to nlnlrlze graphiczl error. The results are shown

in Tatle 42,
Table 42

o

The Adsorbability & Standard Fre of Adsor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>