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1 . INTRODUCTION

It has been known for a relatively long time that the application of a peri-

odically changing current in plating practice leads to improvements in the quality

of electrodeposits. Three types of current variation have been found useful: a

reversing current (RC); a pulsating current (PC); and a sinusoidal, alternating

current superimposed on a direct current (AC).1�15 In recent years, the beneficial

effects of pulsating overpotential (PO) have also been discussed.4 Even though this

kind of electrodeposition at a periodically changing rate (EPCR) is important from

a theoretical point of view and offers a variety of experimental possibilities, it is not

as yet, frequently used in plating practice.

The mass transfer during metal electrodeposition at a periodically changing

rate is not widely known but it will be treated in details in this paper. It is very
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important, because the mass transfer conditions determine the morphology of metal

deposits just as in the case of deposition at a constant rate.

Reversing current is represented schematically in Fig. 1. It is characterized

by the cathodic current density, i
c
, and the anodic current density, i

a
, as well as by

the duration of flow of the current in the cathodic and the anodic direction, t
c
and

t
a
, respectively. Naturally,

t
c
+ t

a
= T (1)

where T is the full period of the RCwave. The average current density is then given by

i
av

=
i
c
t
c

− i
a
t
a

t
c

+ t
a

(2)

and for i
c
= i

a
= iA

i
av

= iA

1 − r

1 + r

(3)

where

r =
t
a

t
c

(4)

RC is used in the second and millisecond range.

Pulsating current consists of a periodic repetition of square pulses. It is similar

in shape to RC except for the absence of the anodic component, as is shown in Fig.

2. PC is characterized by the amplitude of the cathodic current, i
c
, the cathodic

deposition time, t
c
(on period), and the time interval tp in which the system relaxes

(off period). The full period, T, is given by

t
c
+ tp = T (5)

and the average current density by

Fig. 1. Waveform of the reversing current. Fig. 2. Pulsatung current.

318 MAKSIMOVI] and POPOV



i
av

=
i
c
t
c

t
c

+ tp

(6)

or

i
av

=
i
c

1 + p

(7)

if

p =
tp

t
c

(8)

Note that rectified sinusoidal AC, especially half-rectified sinusoidal AC,

often termed pulsating current in the literature, shows similar effects to those of PC.

Sinusoidal AC superimposed on direct current is represented in Fig. 3. It is

characterizedby idc, ip, and the frequency,which is usually 50or 60Hz.The resultant

is termed an asymmetric sinusoidal current. The average current is equal to idc. At

given anodic DC values, three different types of current can be obtained, which can

be denoted as follows: ip < idc "rippling current"; ip = idc,"pulsating curren"; ip > idc,

"currentwith an anodic component". The last type ismainly used in plating practice.

Pulsating overpotential consists of a periodic repetition of overpotential

pulses of different shapes. Square-wave PO is defined in the sameway as PC except

that the overpotential pulsates between the amplitude valueηA and zero instead of

the current density (Fig. 4). Non-rectangular pulsating overpotential is defined by

the amplitude of the overpotential, ηA, frequency, and the overpotential waveform.

There are a number of different current and overpotential waveforms used in

EPCR,16�18 the most important of which have been mentioned above.

Fig. 3. The shape of the sinusoidal alternating

current superimposed on the direct current.

Fig. 4. Square-wave pulsating overpotential

waveform.
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2. MASS TRANSFER IN THE STEADY STATE PERIODIC CONDITION

Electrodeposition at a periodically changing rate can be described in terms of

time and distance-dependent concentrations:

∂c
∂t

= D
∂2c
∂x2

(9)

c(0,x) = c0 (10)

c(t,δ) = c0
(11)





∂c
∂x



x=0

=
i(t)
zFD (12)

Equations (9) to (12) are solved for different i(t) and the solutions applied to
different types of problems.16�41

2.1. Reversing current

For the periodic reverse current the current density i(t) is a periodic function
of time given by36

i(t) = 



ic,

−ia

for mT < t ≤ [m + 1/(r + 1)]T
for [m + 1/(r + 1)]T < t ≤ (m + 1)T

(13)

m = 0, 1, 2,...

Millisecond range. For i(t) given by Eq. (13), the solution of Eqs. (9) to (12)
is given by

c(x,t) = c0 −
2i

c

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ














∫exp
0

T/(r+1)

[−λk(t−τ)]dτ + ∫exp
T

T+T/(r+1)

[−λk(t−τ)]dτ + …










… + ∫exp

mT

mT+T/(r+1)

[−λk(t − τ)]dτ









+

2i
a

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ














∫exp

T/(r+1)

T

[−λk(t − τ)]dτ +










+ ∫exp

T+T/(r+1)

2T

[−λk(t−τ)]dτ +… + ∫exp
mT+T/(r+1)

(m+1)T

[−λk(t−τ)]dτ









(14)

where

λk =
(2k + 1)2π2D

4δ2
=

(2k + 1)2
4t0

(15)

and

t0 =
δ2

π2D (16)

For t = [m + 1/(r+1)]T andm→ ∞, i.e., at the end of the cathodic pulses under steady

state conditions, the concentration distribution of the depositing ions inside the

diffusion layer is given by
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c
c
(x) = c0 −

8δ
π2zFD

∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ




i
c

1 − exp[−λkT/(r + 1)]
1 − exp (−λkT)

− i
a

exp[−λkT/(r + 1)] − exp (−λkT)
1 − exp (−λkT)





(17)

The concentration distribution at the end of the anodic pulses under the same

conditions, i.e. for t = (m + 1)T, m → ∞, is given by

c
a
(x) = c0 −

8δ
π2zFD

∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ




i
c

exp[−λkrT/(r + 1)] − exp(−λkT)
1 − exp(−λkT)

− i
a

1 − exp[−λkrT/(r + 1)]
1 − exp(−λkT)





(18)

It is easy to show that, for a sufficiently long period T (T > t
o
), the system

behaves as under DC conditions. For T → ∞ Eqs. (17) and (18) become

lim
T→∞

c
c
(x) = c0 −

i
c

zFD
(δ − x) (19)

and

lim
T→∞

c
a
(x) = c0 −

i
a

zFD
(δ − x) (20)

On the other hand, for T → 0 (T << t0)

lim
T→0

c
c
(x) = lim

T→0

c
a
(x) = c(x) = c0 −

δ − x

zFD

i
c

− r i
a

r + 1
= c0 −

δ − x

zFD
i
av

(21)

for 0 ≤ x ≤ δ
The concentration distribution inside the diffusion layer at the end of cathodic

and anodic pulses under steady state conditions, calculated using Eqs. (17) and (18)

and the following set of parameters δ = 10
�2

cm, D = 10
�5
cm

2
s
�1 and t0 = 1 s, is

given in Figs. 5 � 9 for different reversing regimes. At sufficiently large x/δ, the

concentration distribution does not depend on time.42At x/δ close to the electrode,

it is time dependent and the upper and lower parts of the curves correspond to the

end of the anodic and the cathodic times, respectively.

It can be seen from Fig. 5 that, at lower periods of the RC wave, the

concentration distribution is closer to one described by Eq. (21) for T → 0. It can
also be seen from Fig. 6 and Fig. 7 that, with other parameters, the same the

distribution is closer to that given by Eq. (21) at lower r and i
av

values.
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At i
av

= 0, concentration polarization practically does not exists up to iA ≈ iL,

as is illustrated by Fig. 8.

Fig. 5. The effect of the period of

the RC wave on the concentration

distribution inside the diffusion

layer (From Maksimovi} and Po-

pov42).

Fig. 6. The effect of the average

current density on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov42).

Fig. 7. The effect of the anodic to

cathodic time ratio on the concen-

tration distribution inside the dif-

fusion layer. (From Maksimovi}

and Popov42).
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Finally, the effect of the diffusion layer thickness is shown in Fig. 9. It follows

from Eqs. (15) � (18) that the frequency of pulsation and diffusion layer thickness

are related by the equation

T

δ2
= const.

(22)

to produce the same effect on the concentration distribution inside the diffusion

layer.

For x = 0, Eqs. (17) and (18) can be rewritten in the form

c
c

= c0 −
8δ

π2zFD
∑
k=0

∞
1

(2k + 1)2




i
c

1 − exp[−λkT/(r + 1)]
1 − exp(−λkT)

− i
a

exp[−λkT/(r + 1)] − exp(−λkT)
1 − exp(−λkT)





(23)

Fig. 8. The effect of the current

amplitude on the concentration

distribution inside the diffusion

layer. (From Maksimovi} and

Popov42).

Fig. 9. The effect of the diffusion

layer thickness on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov42).
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and (24)

c
a

= c0 −
8δ

π2zFD
∑
k=0

∞
1

(2k + 1)2



i
c

exp[−λkrT/(r + 1)] − exp(−λkt)
1 − exp(−λkT)

− i
a

exp[−λkT/(r + 1)]
1 − exp(−λkT)





and Eqs. (19)�(21) in the form

lim
T→∞

c
c

= c0 −
δi

c

zFD

(25)

lim
T→∞

c
a

= c0 −
δi

a

zFD

(26)

and

lim
T→0

c
c

= lim

T→0

c
a

= c
s

= c0 −
δ

zFD

i
c

− r i
a

r + 1
= c0 −

δ
zFD

i
av

(27)

Second range. For T close to t0, the behaviour of the system under RC

conditions has to be analyzed using Eq. (24). In this case, the distribution of the
concentration inside the diffusion layer at the end of the anodic pulse is close to that

given by Eq. (10). It follows from Eq. (24) that this will happen at36,43

c
a
= c0 (28)

or

∑
k=0

∞
1

(2k + 1)2



i
c

exp[−λkrT/(r + 1)] − exp(−λkT)
1 − exp(−λkT)

− i
a

1 − exp[−λkrT/(r + 1)]
1 − exp(−λkT)





= 0 (29)

Obviously, r can be obtained by computer calculation from Eq. (29).

On the other hand, it is known36,52 that for rT/(r+1) ≥ 1.5t0, the series in Eq.

(29) can be approximated using only the first term (k = 0). Hence, for i
c
= i

a
,

exp



− r

r + 1

T

4t0





− exp



− T

4t0





= 1 − exp



− r

r + 1

T

4t0



 (30)

or

r =

4t0

T
ln

2

1 + exp(−T/4t0)

1 −
4t0

T
ln

2

1 + exp(−T/4t0)

(31)

It is easy to show that forT= 3t0, r = 0.7 and for T= 16t0, r = 0.2 by assuming

that for T > 3t0, Eq. (30) is valid and that at T >16t0, the system behaves as under DC

conditions. The optimum ratio t
c
/t
a
is given by

1.5 ≤ t
c
/t
a
 ≤ 5 (32)
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for periods T such that

3t0 ≤ T ≤ 16t0
(33)

and the optimum t
c
and t

a
for a givenT, calculated using Eq. (31), are shown in Fig. 10.

Fig. 10. t
c
/4t0 and t

a
/4t0 as a func-

tion of T/4t0. (From Popov and

Maksimovi}43).

Fig. 11. The concentration distri-

bution inside the diffusion layer at

the end of the anodic (upper) and

the cathodic (lower) times. Calcu-

lated by computer using Eqs. (17)

and (29).
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In Fig. 11. and Fig. 12, the concentration distribution at the end of the cathodic

and anodic pulses for optimum current wave shapes are shown, calculated by

computer (Fig. 10.) and by using Eq. (33) if t0 = 1 s for δ = 10
�2 cm and D = 10

�5

cm
2
s
�1 (Fig. 11.). It is seen that the approximation used is satisfactory. A good

agreement between the shape and the frequency of the RC calculated in this way

and literature data is obtained, because in practically all cases

1 s ≤ T ≤ 30 s (34)

according to Bakhvalov.
3

For periods T:

3 t0 ≤ T ≤ 16 t0
(35)

It is obvious that, because of Eq. (35) and the dependence of t0 on the diffusion

layer thickness, in strongly stirred solutions the period T must be considerably

smaller.

2.2. Pulsating current

For i(t) given by

i(t) =




ic,

0,
for mT < t ≤ [m + 1/(p + 1)]T
for [m + 1/(p + 1)]T < t ≤ (m + 1)T

(36)

i.e. for pulsating current,
,

solution of Eqs. (9) to (12) is given by

c(x,t) = c0 −
2i

c

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ














∫
0

T/(p + 1)

exp 

−λk (t − τ)


dτ + ∫

T

T + T/(p+ 1)

exp [−λk (t − τ)] dτ + … + ∫
mT

mT + T/(p + 1)

exp[−λk (t − τ)] dτ









(37)

Fig. 12. The concentration distri-

bution inside the diffusion layer at

the end of the anodic (upper) and

the cathodic (lower) times. Calcu-

lated by computer using Eqs. (17)

and (31).
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For t = [m + 1/(p+1)]T, i.e., at the end of pulses, Eq. (37) can be rewritten as

c



x,




m + 1

p + 1




T





= c0 −
8δ i

c

π2 zFD
∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ




exp (−λkT) − exp




−λk




T + T

p + 1









+ .... + 1 − exp



−

λkT

p + 1









(38)

In steady state conditions

c
on

(x) = lim

m→∞
c




x,




m + 1

p + 1




T





=

= c0 −
8δ i

c

π2 zFD
∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ

1 − exp [−λkT/(p + 1)]
1 − exp (−λkt)

(39)

For t = (m+1)T, i.e., at the end of pauses, Eq. (37) can be rewritten in the form

c


x,(m + 1)T


 = c0 −

8δi
c

π2 zFD ∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ

⋅ 


exp




−λk




(m + 1)T + T

p + 1








−





− exp[−λk (m + 1)T] + … + exp



−λk 



T − T

p + 1









− exp(−λkT)


(40)

In steady state conditions

coff(x) = lim

m→∞
c



x,(m + 1)T


 =

= c0 −
8δ i

c

π2zFD∑
k=0

∞
1

(2k + 1)2
cos

(2k + 1)πx
2δ

exp



−λk[T − T/(p + 1)]



− exp(−λkT)

1 − exp(−λkT)
(41)

For T →∞ Eqs. (39) and (41) becomes

lim
T→∞

c
on

(x) = c0 −
i
c

zFD
(δ − x) (42)

and

lim
T→∞

coff(x) = c0 (43)

while for T → 0

lim
T→0

c
on

(x) = lim

T→0

coff (x) = c(x) = c0 − δ − x
zFD

i
c

p + 1 (44)
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At the same time for x = 0, Eqs. (39) and (41) becomes

c
on

= c0 −
8δ i

c

π2 zFD
∑
k=0

∞
1

(2k + 1)2
1 − exp[−λkT/(p + 1)]

1 − exp (−λkT)
(45)

and

coff = c0 −
8δ i

c

π2 zFD
∑
k=0

∞
1

(2k + 1)2
exp[−λkpT/(p + 1)] − exp(−λkT)

1 − exp(−λkT)
(46)

As in the previous case for T >> t0, the system behaves as under DC conditions

where

lim
T→∞

c
on

= c0 −
δ i

c

zFD (47)

and

lim
T→∞

coff = c0
(48)

For T << t0, it follows from Eqs. (45) and (46) that

lim
T→0

c
on

= lim

T→0

coff = c
s

= c0 −
δ i

c

zFD

1

p + 1 (49)

It is obvious from Eqs. (2), (4), (7) and (8) and Eqs. (27) and (49) that, in both

cases,

c
s

= c0 −
δ i

av

zFD (50)

The concentration distribution inside the diffusion layer at the end of the

cathodic pulses and during the pauses in the steady state conditions, calculated using

Eqs. (39) and (41) and the already used set of parameters, are given in Figs. 13�16.45

Fig. 13. The effect of the period of

the PC wave on the concentration

distribution inside the diffusion

layer. (From Maksimovi} and

Popov45).
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It can be seen from Fig. 13, that at the lower period of the PC wave, the

concentration distribution is closer to that described by Eq. (50) for T → 0. It can

Fig. 14. The effect of the pause to

pulse ratio on the concentration

distribution inside the diffusion

layer. (From Maksimovi} and

Popov45).

Fig. 15. The effect of the average

current density on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov45).

Fig. 16. The effect of the diffusion

layer thickness on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov45).
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also be seen from Fig. 14. and Fig. 15, that with other parameters, the same

distribution is closer to that given by Eq. (50) at lower p and i
av

values. Finally, the

effect of the diffusion layer thickness is shown in Fig. 16, being the same as in the

RC case (see Eq. (22)).

2.3. Alternating current superimposed on direct current

For i(t) given by

i(t) = idc + ip sin(ω t) (51)

i.e., for alternating current superimposed on direct current, the solution of the

problem is obtained in the form
35,37

c(x,t) = c0 − 2

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ




∫
0

t

(idc + ip sin(ωτ))exp[−λk (t − τ)] dτ (52)

and

c(x,t) = c0 − 2

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ









idc

λk

[1 − exp (−λkt)] +
ip

λk
2 + ω2



λk sin(ωt) − ω cos(ωt) + ω exp(−λkt)





(53)

Under steady state conditions, Eq. (53) becomes

c(x) = c0 − 2

zFδ ∑
k=0

∞

cos





(2k + 1)πx
2δ









idc

λk

+
ip

λk
2 +ω2



λk sin(ωt) − ω cos(ωt)






(54)

and the surface concentration (x = 0) is

c
s

= c0 − 2

zFδ ∑
k=0

∞




idc

λk

+
ip

λk
2 + ω2



λk sin(ωt) −ω cos(ωt)






(55)

Equation (55) can be transformed into a more convenient form:
37

c
s

= c0




1 −

idc

i
L





−
ip

zF(Dω)1/2
sin(ωt − π/4) (56)

The solution obtained is of the same form as in the case of an unstirred electro-

lyte,
20,46

i.e., if the condition are given by Eq. (11) it can be written in the form

c(t,∞) = c0
(57)

The maximum difference between the surface concentration and the surface

concentration in DC steady state conditions, i.e.,
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c
s

= c0




1 −

idc

i
L





= c0 −
δ i

av

zFD (58)

corresponds to the values sin(ωt � π/4) = ±1. For z = 2, F = 10
5
C mol

�1
, c0 = 10

�4

mol cm
�3

and ν = 50 Hz the term
ip

zF(Dω)1/2
can be neglected in Eq. (56) relative

to c0



1 −

idc

i
L




, except for the cases of high ip and idc = iL.

37

Hence, at sufficiently small T and not extremely high ip, cs in AC will also be

given by Eq. (50), implying that at sufficiently high frequencies, the surface

concentration is determined by the average current density, regardless of the shape

of the current wave.

The concentration distribution inside the diffusion layer, using Eq. (54) and

the already used set of parameters (δ = 10
�2

cm, D = 10
�5
cm

2
s
�1 and t0 = 1 s), is

given in Figs. 17� 20 for different AC regimes and cos(ωt � π/4) = 0.47

Fig. 17. The effect of the AC fre-

quency on the concentration dis-

tribution inside the diffusion

layer. (From Maksimovi} and

Popov47).

Fig. 18. The effect of the AC am-

plitude on the concentration dis-

tribution inside the diffusion

layer. (From Maksimovi} and

Popov47).
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It can be seen that the effects of frequency, current density and ip/idc ratios are

practically negligible; the effect of the diffusion layer thickness ismore pronounced,

being still lower than in the other cases of periodic currents.

3. THE INFLUENCE OF THE CHARGE AND DISCHARGE OF THE ELECTRICAL DOU-

BLE LAYER

The useful range of frequencies in electrodeposition at a periodically changing

rate is known to be limited by mass-transfer effects at low frequencies. At high
frequencies, the useful range is limited by the effect of the capacitance of the

electrical double layer.44,48 Details are given in a previous review.49

4. THE VALIDITY OF THEMATHEMATICALMODEL

4.1. Reversing current in the millisecond range

The fact that in themillisecond range, the surface concentration under periodic
conditions practically does not vary with time has been experimentally verified. For

example, it follows from Eq. (27) that for i
c
= i

a
and r = 1 during RC deposition

Fig. 19. The effect of the average

current density on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov47).

Fig. 20. The effect of the diffusion

layer thickness on the concentra-

tion distribution inside the diffu-

sion layer. (From Maksimovi}

and Popov47).
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c
s
= c0 (59)

The shape of the RC used and a typical overpotentialversus time response are

shown in Fig. 21 for copper deposition from 0.075 M CuSO4 in 0.5 M H2SO4.
50

The current densities and overpotential from these oscillographs, corrected for the

ohmic drop, are plotted in Fig. 22. The Tafel lines obtained in this way are similar
to those obtained by Mattsson and Bockris51 in the galvanostatic single-pulse

regime for the same system. This is because, at 100 Hz, condition (27) is satisfied
and a concentration overpotential does not appear.

4.2. Reversing current in the second range

Themathematicalmodel of RC in the second range can be easily tested for i
c
>iL.

The solution of Eqs. (9) to (12) for

i(t) = i
c

(60)
is given by

43,52

c
s

= c0 −
i
c
δ

zFD










1 − 8

π2 ∑
k=0

∞
1

(2k + 1)2
exp




−

(2k + 1)2t
4t0














(61)

Fig. 21. The shape of the square-

wave alternating current and the

typical overpotential versus time

response. Copper electrodeposi-

tion from 0.075 M CuSO4 in 0.5

M H2SO4. (From Popov et al.50).

Fig. 22. The cathodic and anodic

Tafel lines (obtained from graphs

similar to those in Fig. 21) for the

Cu2+|Cu system from 0.075 M

CuSO4 in 0.5 M H2SO4. (From

Popov et al. 50).

PERIODICALLY CHANGING RATE METALDEPOSITION 333



and the surface concentration of depositing ions for t ≥ t0 is given by
43

c
s

= c0 −
i
c
δ

ZFD




1 − 8

π2
exp




− t

4t0









(62)

The maximum amplitude of the current density variation, iA, corresponding c
s
= 0

after a deposition time t
c
is given by

iA =
iL

1 − 8

π2
exp




−

t
c

4t0





(63)

or taking into account t
c
= T/(r+1) by

iA =
iL

1 − 8

π2
exp




− T

4(r + 1) t0





(64)

Substitution of r from Eq. (31) in Eq. (64) and further rearranging gives
53

T =
4δ2

π2D
ln

1 −
π2

16
+

i
L

iA

π2

16




1 −

i
L

iA





(65)

In this way the periodT of the RCwave and the amplitude current density iA, which

makes the surface concentration at the end of the cathodic pulse zero, are related if

the final surface concentration (the end of the anodic pulse) is equal to the initial

surface concentration (the beginning of the cathodic pulse) and iA ≥ iL.

Dependencies of overpotential on timewere obtained upon application of differ-

ent RC input waves. The results for the unstirred solution are shown in Figs. 23a � 23c.

It can be seen fromFig. 23a that the shape of the overpotential wave does not varywith

time after about the first 3 periods, meaning that a steady state periodic response was

established. With anodic pulses of shorter duration (Fig. 23b), the overpotential at the

end of the cathodic pulses increases, indicating a decrease in the surface concentration.

The opposite effect takes place with longer anodic pulse duration (Fig. 23c).

The results for stirred solution are presented at Fig. 23d. Following the same

procedure as in the previous case, the RCwavewhich leads to a steady state periodic

response was determined. The shape of the RC wave from Fig. 23d is the same as

for the case of unstirred solution, but, due to different hydrodynamic conditions, the

period T is quite different.

The T versus δ2 plot shown in Fig. 24. proves that Eq. (65) is valid and that,

for metal deposition by RC in the second range, the conditionT/δ2 = const. must be

fulfilled in order to obtain the same effect on the mass transfer under hydrodynamic

conditions, for the same iA/iL.
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Finally, the current wave with the same iA and t
c
/t
a
ratio, but in the millisecond

range leads to a potential response characteristic for the dominanceof activation control

(Fig. 25). The above fact is a continuation of all earlier theoretical predictions.

4.3. Pulsating current

During the pause, under non-current conditions, at frequency values below

those of double layer effects, which may, therefore, be neglected, but for which Eq.

(44) is valid, the measured potential is equal to the Nernst concentration potential

ϕ = RT

zF
ln

c0

c
s

(66)

Taking into account that

c
s

= c0




1 −

i
av

iL





(67)

Eq. (66) can be rewritten in the form

Fig. 23. The dependencies of the overpotential on time, obtained upon application of different RC

wave inputs in 0.1 M CuSO4 in 0.5 M H2SO4. (From Maksimovi} et al.
54

).
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Fig. 24. The dependence of the pe-

riod of pulsation, T, on the square

of the diffusion layer thickness, δ2
for copper electrodeposition from

0.1 M CuSO4 in 0.5 M H2SO4.

(FromMaksimovi} et al.54).

Fig. 25. The potential response to

the RC in the millisecond range

with the same iA and t
c
/t
a
as in Fig

23a.Copper electrodepositionfrom

0.1 M CuSO4 in 0.5 M H2SO4.

(FromMaksimovi} et al. 54).

Fig. 26. The Nernst concentration

potential at the end of the pause

vs. log (1 � i
av

/iL) in stirred and

unstirred solutions (0.1M CuSO4

and 0.5 M H2SO4) for a pulse

duration of 50 ms and different

pause to pulse ratio. (From Mak-

simovi} et al. 54).

336 MAKSIMOVI] and POPOV



ϕ = − RT

zF
ln




1 −

i
av

i
L





(68)

The validity of Eq. (68) was tested by determining the concentration in an

unstirred and stirred solution as a function of the i
av

/iL value. A PC with on period

duration of 50ms and p values of 1,2 and 3was used. Fig. 26 shows that, in all cases,

a straight line with a slope of 31 mV dec�1 was obtained. The slope value is very

close to 29.5 mV dec�1 which is predicted by the Eq. (68), meaning that the

mathematical model of PC is operative. This was also proven by considering the

overpotentials during the current pulses.55

4.4. Pulsating overpotential

In the case of a rectangular pulsating overpotential, η(t) as a function of time

is given by 56

η(t) =



ηA,

0,
for mT < t ≤ [m + 1/(p + 1)]T
for [m + 1/(p + 1)]T < t ≤ (m + 1)T

(69)

Assuming that the surface concentration is determined by the average current

density, the current response to the input overpotential is given by

i(t) = i0







1 −

i
av

i
L




exp





η(t)
η
oc





− exp




−η(t)
η
oa







 (70)

For a sufficiently high ηA, Eq. (70) reduces during the on periods to

i
on

= i0




1 −

i
av

iL




exp





ηA
η
oc





(71)

and during the off periods to

ioff = − i0

i
av

i
L

(72)

The average current in PO deposition can easily be determined by

i
av

=
i0

p + 1








1 −

i
av

iL




exp





ηA
η
oc





− p
i
av

iL





(73)

The average overpotential is then given by

η
av

=
ηdc

p + 1
+

η
oc

p + 1
ln




p + 1 + p

i0

i
L





(74)

where

ηdc = η
oc

ln
i
av

i0

− η
oc

ln



1 −

i
av

i
L





(75)

and
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η
av

=
ηA
p + 1

(76)

Polarization curves for the average values for copper deposition have been

successfully calculated from the stationary polarization curve using Eq. (74)56 for

i0 << iL, as shown in Fig. 27.

This is a good proof that in PO deposition, the average current density also

determines the surface concentration of the depositing ion.

5 . CONCLUSION

The mass-transfer conditions during metal electrodeposition at a periodically

changing rate are very important because they determine the morphology of metal

deposits just as in the case of electrodeposition at a constant rate. Electrodeposition

at a periodically changing ratewas described by a commonmathematicalmodel and

the particular solutions for each type of waveform used are given in the form of time

and distance-dependent concentrations inside electrode diffusion layer. It was

shown that in all cases of deposition in the millisecond range the surface concen-

tration of depositing ions is constant and determined by the average deposition

current density at sufficiently large frequencies of pulsation. At lower frequencies

the surface concentration oscillates around thevalue corresponding to the deposition

by the average current density during the constant current deposition. In the case of

reversing current deposition in a second range the concentration varies with time

in a way that surface concentration at the end of the anodic pulse is close to initial

one. All theoretical conclusion are verified by appropriate experiments. The above

Fig. 27. The stationary polarization curve and the polarization curves of the average values for dif-

ferent pause-to-pulse ratios in a square-wave PO copper electrodeposition from 0.2 M CuSO4 in

0.5 M H2SO4. Pulse duration 20 ms. The points represents measured values and the full lines are

calculated using Eq. (76) and values from the constant polarization curve. (From Popov et al.
56

).
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solutions are important because they permit to correlate the morphology of deposits

with depositing regime, as in the case of constant current deposition.

SUMMARY

The mass-transfer conditions during electrodeposition of metals at a peri-

odically changing rate are considered. The concentration distribution inside the

diffusion layer and the surface concentration of depositing ions for pulsating and

reversing current and pulsating overpotential are discussed and illustrated by the

appropriate experiments. On the basis of the above results, themaximumdeposition

rates and the effect on the morphology of metal deposits can be elucidated in all

cases under consideration.

I Z V O D

PRENOSMASE TOKOM ELEKTROHEMIJSKOG TALO@EWAMETALAPERIODI^NO

PROMENQIVOM BRZINOM

MIODRAG D. MAKSIMOVI] i KONSTANTIN I. POPOV

Tehnolo{ko-metalur{ki fakultet, Univerzitet u Beogradu, p.pr. 3503, 11120 Beograd

Razmotreni su uslovi prenosa mase tokom elektrohemijskog talo�ewa metala

periodi~no promenqivom brzinom. Raspodela koncentracije unutar difuzinog sloja i

povr{inska koncentracija jona koji se talo�e diskutovane su i ilustrovane odgo-

varaju}im eksperimentima za pulsiraju}u i reversnu struju i pulsiraju}u prenapetost.

Na osnovu iznetih rezultata mogu}e je proceniti maksimalnu brzinu talo�ewa i

uticaja na morfologiju u svim razmotrenim slu~ajevima.

(Primqeno 2. februara 1999)
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The current distribution in an electrochemical cell.
Part IV. The relation to the Haring-Blum method

KONSTANTIN I. POPOV, SLAVI[AM. PE[I]*

and TANJAM. KOSTI]

Faculty of Technology and Metallurgy, University of Belgrade, Karnegijeva 4, P. O. Box 3503, YU-

11120 Belgrade, Yugoslavia,
*Ei-[tampana kola d.d., Printed Circuit Board Factory, Bul. Cara

Konstantina 80-84, YU-18000 Ni{, Yugoslavia

(Received 26 January, revised 25 February 1999)

It was shown that the current density-cell voltage curves recorded in a cell with

parallel plate electrodes for different distances between the edges of the electrodes and

side walls of the cell can be used to determine the current distribution in cells of the

Haring-Blum type.

Key words: metal electrodeposition, electrochemical cell, current distribution.

It has been shown earlier1 that the ohmic resistance of the electrolyte in a cell

decreases as the distance between the edge of the electrode and the side wall of the

cell increases,according to relation

Reff =

R
h

2k
ln (1 + 2k) (1)

where Reff is the electrolyte resistance in a cell in which the edges of the electrodes

do not touch the side wall of the cell andRh is the electrolyte resistance of the same

cell but with the edges of the electrodes touching the side walls. The parameter k

is given by

k =
L

A
(2)

where L is the distance between the edge of the electrode and the side wall of the

cell, and A is the electrode length.

It was found experimentaly, using the bridge method, that Eq. (1) is valid up

to k ≈ 1, when Reff ≈ 0.5Rh. The value ofReff does not change as k increases further.

As a consequence of this, the current in a cell in which the edges of the
electrodes do not touch the side wall will be considerably larger than in a cell in

which the edges of the electrodes do touch the side walls2-4 (at the same cell voltage
and inter-electrode distance and if the activation overpotential is not very large). It
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is easy to show that, for a distance leff, the ohmic resistance of the electrolyte in a
cell in which the edges of the electrodes touch the side walls is equal to the ohmic

resistance of the electrolyte in a cell inwhich the edge of the electrode is at a distance
L from the side wall of the cell and at the inter-electrode distance l, providing

leff =
lA

2L
ln




1 + 2L

A





(3)

Hence, from the current density-cell voltage dependences for different dis-

tances between the edge of the electrode and the side wall of the cell, the current
distribution between cathodes at different distances from the anode can be obtained

and used for the calculation of the current distribution indexes according to Haring
and Blum,5 Heatly,6 Pan,7 Field,8 and Popov et al.4 It is to note that the throwing

power index, defined recently by Popov et al., is very similar to that of Heatley6

and Pan.7 In all the above methods, the ratio of the primary current densities,P, and

that of the actual metal distribution,M, are included in the corresponding formulas.

According to Haring and Blum,5 the throwing power is given by

T =
P�M

P
× 100%

(4)

and according to Heatley
6
and Pan

7

T =
P�M

P�1
 × 100%

(5)

and Field
8

T(BSI) =
P�M

P+M�2
× 100% (6)

where P =

lfar

lnear
and M =

∆mnear

∆mfar

, lfar and lnear are the far and near cathode-anode

distance, respectively, and ∆mfar and ∆mnear the weight of deposit on the far and
near electrode, respectively. It is obvious that lfar = l and lnear = leff in the region
where Eq. (3) is valid, and that it is possible to obtain the P values as the ratio of
corresponding ohmic resistances calculated from the slopes of ohmic controlled
current density-cell voltage curves. The values of M are obtained from mixed
controlled current density-cell voltage curves for the same geometry of the system,
because, in the case of copper deposition from acid sulphate solution, M can be
substituted by current density ratios.

It can be seen from Eqs. (4) and (5) that for no deposit on the far cathode T

must beminus infinity and according toEq. (6) �100%.According to amore suitable
definition, the throwing power index S can be viewed as the degree to which the

secondary current density distribution cancels the bad effects of the primary current
density distribution from 0 �100% or, for no deposit on the far cathode, from

−1/P
1 � 1/P

up to 100%, as can be seen from Eq. (7).
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S =

1

M
− 1

P

1 − 1

P

× 100 %

(7)

Typical Haring-Blum throwing power cells haveP = 5, i.e., the far cathode is

5 times as far from the anode as the near cathode. Also, cells with P = 2 are used.
These measured quantities depend on the scale of the experiment and so are not

absolute values; but, in general, a solution exhibiting good throwing power in such
a test will exhibit it in practise also.

RESULTS AND DISCUSSION

The different effects on the current distribution can be illustrated in a qualita-
tive way by all the cited equations, however, Eq. (7) seems to be the best one.

The values of T calculated using Eqs. (4�6) and S using Eq. (7) for different
situations as functions of the normalized deposition current density (to the limiting

diffusion current forL = 0) are shown in Figs. 1�3. The primary current distributions
for l = 50 mm and l = 150 mm were calculated from the slopes of the current

density-cell voltage curves (complete ohmic control) for different electrode edges-
sidewall distances fromFigs. 3 and6 fromRef. 3, respectively, and the actual current

density distribution from Figs. 5 and 7 from Ref. 2, and Figs. 1 and 2 from Ref. 3
(mixed controlled deposition).

Fig. 1. The throwing power indexes for the systemCu|0.1MCuSO4, 0.1MH2SO4|Cu with l = 50mm

and L = 25mm as functions of the normalized current density. (Data from Fig. 5, Ref. 2 and Fig. 3, Ref. 3).
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The effects of the inter-electrode distance and resistivity of the electrolyte are

illustrated by Figs. 3�6. It can be seen that the current distribution is better with smaller

Fig. 2. The throwing power indexes for the system Cu|0.1 M CuSO4, 0.5 M H2SO4|Cu with l = 50

mm and L = 25 mm as functions of the normalized current density. (Data from Fig. 1 and Fig. 3,

Ref. 3).

Fig. 3. The throwing power indexes for the system Cu|0.1 M CuSO4, 0.5 M H2SO4|Cu with l = 150

mm and L =50 mm as functions of the normalized current density. (Data from Fig. 2 and Fig. 6,

Ref. 3).
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inter-electrode distances and larger supporting electrolyte concentrations.3The ideal

currentdistribution foran inter-electrodedistanceof50mmisobtainedat0.5MH2SO4;

for an inter-electrode distance of 150 mm with the same concentration of supporting

electrolyte, the current distribution is similar to that from Fig. 1.

Fig. 4. Current density for different L and leff as a function of the current density in the cell with inter-elec-

trode distance l and L = 0 for the systemCu|0.1MCuSO4, 0.1MH2SO4|Cu. (Data from Fig. 7, Ref. 2).

Fig. 5. Current density for different cell potentials as functions of L in a cell with an inter-electrode

distance l = 150 mm for the system Cu|0.1 M CuSO4, 0.1 M H2SO4|Cu. (Data from Fig. 7, Ref. 2).
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On the other hand, the absolute values of current densities on the flat electrode

surfaces at different distances from the anode can be obtained directly from the

current density-cell voltage dependences from Ref. 2�4, making the calculation of

the throwing power indexes unusefull. Besides, in this way, jh/jeff for different

inter-electrode distances in the region 0 ≤ leff ≤ l/2 can be easily determined from

the polarization curves slopes up to L = l/2. The current density-cell voltage

dependences from Ref. 2�4 can be reploted in the form permitting the correlation

between the current in the cell for an inter-electrode distance l and L = 0 mm and

the current in the same cell for 0 < L ≤ l/2, i.e., with different leff, as seen from Fig.

4. They can also be reploted in the formshown inFig. 5, permitting thedetermination

of current in cell with differentL at different cell potentials. It is also seen from Fig.

5 that the change of current with increasingL is practically finished at L = A, and is

completely finished at L = l/2. Hence, for the determination of the current density

distribution in the cell, schematically shown in Fig. 6, a method for the estimation

of the current densities at the very edges of the electrodes is required. Such amethod

will be proposed in a future paper.

Fig. 6. The scheme of the electrochemical cell with plane-parallel electrodes and different inter-elec-

trode distances.
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High concentrations (up to 4000 ppm) of copper(II) porphyrins have been

detected in the kerogen of the Cretaceous/Tertiary (KT) boundary informal type sedi-

ment, the Fish Clay, at Stevns Klint, Denmark. These pigments have also been found in

the Danish KT sediment at Nye Kløv, which is about 300 km away from Stevns Klint.

However, copper(II) porphyrins cannot be detected in the Danich boundary rock of the

Dania site, which is separated from Stevns Klint by about 200 km. It is proposed that

the kerogen copper(II) porphyrins are derived from humic materials of terrestrial

(peat/soil) sources already enriched with these compounds, which were redeposited in

the Danish KTboundary Basin. In addition, our results show that the kerogen copper(II)

porphyrins are present, for comparison, in the Permian Kupferschiefer shale from

Poland. The amounts are comparable to those in the Fish Clay kerogen. To our opinion,

the same processes responsible for the kerogen copper(II) porphyrin enrichment have

occurred in the Stevns Klint KT boundary sediment and in the Kupferschiefer.

Key words: copper, porphyrins, kerogen, electron spin resonance.

The foundation of modern organic geochemistry is associated with Treibs�
suggestion that sedimentary extractable (alkyl) metalloporphyrins are principally

diagenetic end products of chlorophylls and bacterio-chlorophylls.1Nickel (Ni) and
vanadyl (VO2+) alkyl porphyrins are the two principal types of metalloporphyrins

found in petroleums and carbonaceous sedimentary rocks, however, recent electron
spin resonance (ESR) work in our laboratory have shown that the kerogens isolated

from ancient carbonaceous sedimentary rocks of marine origin also contain signifi-
cant amounts of VO2+ porphyrins incorporated into the kerogen structure.2 It is

generally agreed that the incorporation of the porphyrin nuclei into the kerogen
matrix is essentially due to abiotic, diagenetic reactions and modifications of initial

humic substances and associated chlorophylls.

We report here the wide occurrence of high concentrations of copper(II)

porphyrins (named Cu2+-P) (up to 4000 ppm) incorporated into the kerogen struc-
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tures of theCretaceous-Tertiary (KT) boundary layers from the StevnsKlint locality

(Denmark). In addition, theNyeKløv andDania boundaries in the Jylland sequences

near Stevns Klint were similarly investigated by ESR spectroscopy for the presence

of Cu2+-P in kerogen. These boundary layers are mineralogically identical to that

at Stevns Klint.3 For comparison, a study was conducted on Cu2+-P of the kerogen

of metalloferrous Permian Kupferschiefer (Poland) of comparable origin and geo-

logic/geochemical history.

Cu2+-P are found in acid-insoluble (humic acid) fractions in a wide variety of

soil environments: recent soils4-6 and paleosols.7 These humic Cu2+-P are largely

derived from land plant chlorophylls under oxidizing conditions of the peat/soil

formation. Although the widespread occurrence of VO2+-P and nickel porphyrins

in ancient sediments from different depositional environments has been reported,

they are few reports of porphyrins complexed toCu2+. Theoccurrenceof extractable

Cu2+-P is perhaps best authenticated byPalmer andBaker8 andBaker andLouda9,10

who isolated such species in very low concentrations (<1 ppmTOC) from a number

of immature sedimentary rocks, giving evidence based on accurate mass measure-

ment.8 Baker and Louda9,10 proposed that these Cu2+-P may derive from, and be

markers for, oxidized terrestrial organicmatter redeposited in amarine environment.

During the debate about StevnsKlint KTboundary deposition, several genetic

models were discussed in order to explain the source and enrichment processes for

the base metals present in the boundary layer. Christensen et al.11 attributed the

metal enrichment in the Stevns Klint KT boundary layer (that is the Fish Clay) to

an accumulation of mainly terrigenous materials with minor amounts of clay

minerals of diagenetic origin. These authors subdivided the Fish Clay into four

layers from the bottom bed II to the top bed V. In a benchmark paper, Alvarez et

al.12 explained the anomalous iridium (Ir) concentrations in the KT boundary layer

at Stevns Klint, to global fall-out of extraterrestrial materials. According to these

authors, the Stevns Klint boundary was produced by the impact event and consists

of a mixture of terrestrial ejecta and meteoric material. Kyte et al.13 suggested that

only beds III and IV of the Fish Clay (hereinafter referred to as III and IV) can be

used to estimate the primary asteroidal fallout. However, geochemical analyses of

the KT layers revealed that not only Ir (and other meteoric/partly meteoric metals),

but also non-meteoric terrestrial trace metals, such as Cu and V, are substantially

enriched in these materials.

Most authors have concluded that metals of terrestrial origin in the Fish Clay
were derived from natural aqueous solutions, enriched with these elements, in

contact with unconsolidated sediment. Premovi} et al.14 suggested that the Danish
KT boundaries represent weathered clay (mainly smectite) (along with some aster-

oid/local materials) that was redeposited at the Danish boundary sites after the KT
event. These authors claimed that most of terrestrial metals associated with the

smectite fraction are strictly detrial in character, i.e., were transported to the Danish
boundary sites already contained in clay. Elliot et al.15 argued that the anomalous
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metal enrichments of the Fish Clay are comparable with those of the Kupferschiefer
shale. These authors suggested that metals in the Fish Clay are derived from the

same kind of "non-impact" sources that contributed to the high metal contents in
the Kupferschiefer rock. They postulated that the same processes were responsible

for the metal enrichment in the Fish Clay as in the Kupferschiefer rock.

The average Cu concentration in the Earth�s crust ranges from 24�55 ppmand

in soils from 20�30 ppm. Cu is usually associated in sediments with organic matter,
the Fe/Mn oxides, sedimentary clays and other minerals.16 In the Fish Clay, the Cu

content ranges from 50 � 80 ppm11,13 and is thus, of the same order of magnitude
as in other ancient shaly type sedimentary rocks of marine origin.17

EXPERIMENTAL

Emission spectrometry

A PGS-2 plane grating spectrograph (Carl Zeiss, Jena) was used with an attachment for

photoelectric detection, an arc plasma excitation source, and a Bausch and Lomb diffraction grating

as the monochromator.
18

Atomic absorption spectrometry (AAS)

A Perkin-Elmer model 4000 atomic absorption spectrometer was used with a Perkin-Elmer

platinum hollow-cathode lamp and a nitrous oxide/acetylene burner head.
14

Instrumental neutron activaiton analysis (INAA)

The kerogen samples and corresponding standards of (NH4)3VO4 were irradiated simultane-

ously in the TRIGAMK II reactor at a neutron flux of 4 × 10
12
n cm

�2
s
�1
. The γ-induced activity of

Cu isotopes was measured on a germanium Ge(Li) detector connected to a 4000 channel analyser

(Canberra).
19

The kerogen Cu contents were also determined by inductively coupled plasma-atomic

emission spectroscopy (ICP-EAS).
20

Electron microprobe

AllanalyseswereobtainedwithaJeol JSM-35electronmicroscopeequippedwithaTracorTN-2000

energy dispersive X-ray (EDX) spectrometer. Operating conditions for EDX analyses were at 25 keV

accelerating voltage, 0.1 µAbeam current, and a beam spot diameter of approximately 3 µm.14

Electron spin resonance (ESR)

ESR measurements were performed on the finely-ground powders of the samples which were

trnsferred to an ESR quartz tube (4 mm o.d., 3 mm i.d.). Spectra were recorded on a Bruker ER-200

series ESR spectrometer with either a Bruker ER-044 X-band bridge or a Bruker ER-053 Q-band

bridge, using standard 100 kHz field modulation. X-band measurements were made at 9.3 GHz

utilizing a rectangular TE cavity, and those at 35 GHz Q-band using a cylindrical TE cavity. Further

details of the ESR measurements are given in Ref. 21.

The g-values and hyperfine coupling constants were determined relative to a solution of

potassium nitrosodisulfonate (Fremy�s salt) for which g = 2.0055 ± 0.0001 and the nitrogen hyperfine

splitting, aN = 1.309 ± 0.001 mT.
22

A quartz sample tube was used for Fremy�s solution (ca. 10
�3

M)

that was taped on the exterior of the sample tube.

RESULTS

To obtain an indication about the chemical nature of the Cu present in III, this

boundary material was analysed by both AAS and emission spectrography for Cu

determination at various stages of demineralization. The results are given in Table
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Ia. It is obvious that the Cu occurs in various forms, including adsorbed on smectite

(50%) and organically boundwithin the kerogen (30%). Schmitzet al.23 presented data

on the Stevns Klint boundary samples, in which the Cu content was as high as in our

case. According to these authors, 30% of total Cu is associated with the III kerogen.

The kerogen Cu contents were determined by both INAAand ICP-AES and the results

are summarized in Table Ib. Finally, the ascorbic acid + H2O2 test24 indicates that a

very low concentration (<10 ppm) of Cu is resident in the sulfide fraction of III.

The III kerogen occurs typically as organic laminae when viewed perpendicu-

lar to the bedding. EDX spectra of areas which are substantially free of Si, Al, Ca

and Fe always show S as the major component and sometimes with Cu as a minor

component. Electron microprobe analyses of the III kerogen showed S (up to 3%)

and Cu (up to 1000 ppm). These results are consistent with the previously known

organic associations of Cu.16 The association of Cu with kerogen in different

sediment types is not a rare phenomenon and is discussed in a number of articles.

For instance, Patterson et al.25 showed that Cu in the Julia Creek bituminous shale

(Australia) is closely associated with kerogen. According to these authors, the Cu

Fig. 1. First-derivative room-temperature anisotropic ESR spectra of Cu
2+
-P in the III kerogen: a)

X-band; b) Q-band
20

spectra. Anisotropic hyperfine Cu
2+
-P parameters are: A||= 19.9 ± 0.1 mT;

A⊥= <1.0 mT; g||= 2.189 ± 0.002; g⊥= 2.039 ± 0.001; a
N
= 1.45 ± 0.10 mT.

352 PREMOVI] et al.



is associated mainly with sulfides (75% of the total Cu) and to a lesser extent with

kerogen (12%) and clay (10%).

The X-band (Fig. 1a) and Q-band (Fig. 1b) ESR spectra of the III kerogen are

typical of Cu2+-P. The X-band spectrum resembles that Cu2+-P associated with

recent soils4-6 and paleosols.7 The Cu2+-P in the III kerogen (Fig. 1a) consists of

four lines which are almost equally spaced, but not of equal width. These lines are

attributed to the Cu nucleus, which has a nuclear spin of 3/2. Superimposed on each

Cu hyperfine absorption are nine absorptions due to the four N nuclei, each of spin

1 on the narrowest Cu hyperfine line. The spacing of the N hyperfine structure is

1.45mT. The linewidths of theCu hyperfine lines increasewithmagnetic field from

8 mT (for the nuclear quantum numbermI = �3/2) up to 13 mT (for mI = 1/2). The

asymmetry of the Cu hyperfine structure is, partly, attributed to the contribution of

the anisotropic nuclear hyperfine interactions to the linewidth.26 Small-scale ESR

experiments on the IV and Nye Kløv kerogens gave similar but not identical results.

However, ESR analysis of the Dania kerogen shows no evidence for Cu2+-P above

the limit of detection of 20 ppm.

Simulated powder spectra were computed using a Fortran program for s = 1/2
systems, modified to include two different hyperfine interactions. The first- and

second-order perturbation theories were used for the metal (Cu) and ligand (N)
nuclear hyperfine interactions, respectively. The simulated spectra were compared

with the experimental ones in order to estimate the anisotropic hyperfine parameters.
The best fitted anisotropic hyperfine paramteres (which were adjusted to give best

fit of the experimental spectrum) are shown in Fig. 1. We were unable to find
evidence for the departure from axial symmetry in either the experimental or

simulated spectra.

DISCUSSION

No analysis of the nature of the kerogen in the Fish Clay has been made so

far, but it is likely that the kerogenmainly represents the remains of terrestrial (fresh

water) algae (botryococcus) and to a lesser extent bacteria.27 The observation that

the Cu observed in III occurs in the inorganic fraction and is predominantly

associated with the kerogen component of the rock suggests that the origin of the

Cu is related to the origin of the III kerogen and its humic precursor(s). According

to Premovi} et al.14 terrestrial humic substances played an important role in

terrestrial metal transport and fixation through the III boundary column. These

authors also suggested that during the deposition of IV the input of terrestrial humic

substances was considerably reduced or ceased to exist at all. The sudden and sharp

drop in both the Cu and Cu2+-P contents from III to IV (Table Ib) is in line with

such a claim.

Geochemical data and observations provide strong evidence that the III layer

was deposited either under anoxic conditions or soon after deposition the conditions

became anoxic and H2S was present in both the layer and the overlying seawater.14
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In general, the kerogen of this rock type is thought to be derived from lipid-enriched

humic substances.28 One of the most important characteristics of these substances

is their high sequestering ability forCu2+. Humic substanceswith suitable functional

(including porphyrin) groups form coordination complexes with Cu2+. However,

under strong anoxic sedimentary conditions (such as those of the Julia Creek black

shale) most of the Cu2+ is precipitated as sulfides and free Cu2+-P is exceedingly

labile;29 though such conditions preserve porphyrins. On the other hand, in oxic

sedimentary environments, Cu2+ is the predominant Cu species in aqueous solution

which is capable of metallating humic porphyrin sites. If this is correct, we can only

surmise that Cu2+ chelation by humic porphyrin sites must occur in oxygenated

freshwaters prior to entering the IIImarineKTdepositionmilieu. The fact that < 2%

of total Cu in the III layer is present as sulfides support such a contention and

indicates thatCu2+ incorporation into porphyrin site(s) of terrestrial humicmaterials

just preceded the redeposion of these substances into the marine Stevns Klint KT

Basin.

TABLE I. Geochemical data for the III and IV boundary layers

(a) The III layer

Fraction Sediment [±5%] Cu
a [± 10 ppm] Total Cu [%]

Carbonate 40 10 5

Sulfide <2 <10 <1

Smectite 30 150 50

Silicate 25 50 15

Kerogen 3 800 30

Sediment 100 86
b
100

c

100

a

The Cu content determined by AAS;
b
The Cu content obtained by summation of the fraction Cu

concentrations, determined by AAS;
c

The Cu content determined by emission spectrography
14

(b) The III/IV layers

Total sediment [± 0.5%] Cu[± 50 ppm] Cu
2+
-P[±100ppm]a

Kerogen III 3.0 700
b
750

c

4000

Kerogen IV 0.3 400
b
450

c

2000

a

TheCu
2+
-P content determined byESR.

14
TheCu

2+
-P content calculated from theCu

2+
concentration

using 440 as the average porphyrin molecular weight;
8 b

The Cu content determined by ICP-AES;
c

The Cu content determined by INAA

Relative abundance of VO2+ and the absence of kerogen VO2+-P in the III

layer,14 as well as the high concentration of the III kerogen Cu2+-P are indications

that the kerogen Cu2+-P within the III layer is strictly detrital in character, i.e., was

transported to the III deposition site already contained in humic materials (as the III

kerogen precursor(s)). The general absence of Cu2+-P in sediments from shallow

marine depositioinal paleoenvironments with abundant VO2+-P (e.g., sedimentary

354 PREMOVI] et al.



millieu of the Julia Creek rock) is consistent with such rationalization. The III

kerogen has a surprisingly low atomic H/C ratio (0.9) and a high O/C ratio (>0.3),

which indicate intensive (surface) oxidation. Kerogen typically has a relatively high

H/C atomic ratio and a low O/C atomic ratio. The concentration of oxygen-contain-

ing molecules and the possible contribution of oxygen from surface oxidation and

degradation could readily produce H/C < 1 and O/C > 0.3 in the III kerogen before

its rapid burial in the Stevns Klint Basin during the KT event.

The kerogen concentrate of the Nye Kløv boundary sediment contains also a

relatively high Cu2+-P (< 1000 ppm). This rock was deposited in the same marine

basin, although separated by about 300 km from the Stevns Klint location. This fact

indicates that the redeposition of the kerogenCu2+-Pcame fromacommonsource(s)

at a considerable distance. However, in contrast to the III layer the Nye Kløv

analoguewas redeposited in aerated (oxic) seawater.14These facts are in accordance

with the detrial hypothesis for the kerogen Cu2+-P which was displaced from its

original deposition site and ponded in the Danish KT Basin.

The Kupferschiefer shale is thought to have accumulated in anoxic bottom

waters of a shallow, stratified epicontinental sea, the Zechstein Sea (Germany/Po-

land).30 The high content of amorphous (laminated) organic matter is derived

mainly from algae/cyanobacteria, and to lesser amount from green sulphur bacteria

(Chlorobiceae).31 The X-band/Q-band ESR spectra of the kerogen Cu2+-P from the

Kupferschiefer rock samples are similar to those of the Fish Clay samples, although

the kerogen Cu2+-P contents were lesser ( < 2000 ppm). However, in contrast to the

FishClay, theKupferschiefer rock contains high concentrations of bothVO2+-P and

Ni2+-porphyrins (> 3000 ppm).

Organic/inorganic geochemical studies by Püttmann et al.32,33 indicate that

the Kupferschiefer Basin acted as a geochemical trap. Accordingly, Cu2+ was

accumulated in the Kupferschiefer location from ascending oxidizing solutions

(brines) which transported high amounts of the metal ion from L. Permian red beds

into the Kupferschiefer Basin. Nevertheless, given the high concentrations of

VO2+-/Ni2+-porphyrins, it seems more likely that the kerogen Cu2+-P are detrital.

In otherwords, we suggest that the kerogenCu2+-P in theKupferschiefer originated,

also, from an external humic source(s) that contributed to the high content of these

species.

One of the biggest problems of the Danish KT boundary layers has been the

many speculations on and search for the (ultimate) source rocks of terrestrial metals

(such as red beds or metal-bearing volcanics) which are missing in the Danish KT

Basin.14 From available geochemical data, it appears that the Fish Clay and the

Kupferschiefer shale exibit a striking resemblance in geochemical fine details. For

instance, in both rocks the bulk of Ir (and other platiniummetals) is associated with

the kerogen fraction: a value of 600 ppm is reported by Kucha34 in the Kupferschie-

fer kerogen and 590 ppm in the III kerogen.23 Considering that the Fish Clay and

Kupferschiefer rocks belong to the same Zechstein Basin and they are separated
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from each other by only 400 km34 then these geochemical similarities (including

the ubiquitous presence of the kerogen Cu2+-P) might not be after all a mere

coincidence. In our opinion, the striking similarities between the Fish Clay and the

Kupferschiefer shale show that these two rocks are somehow generically related.

Results, to date, lead us to propose that the enhanced erosion of near-by

terrestrial Kupferschiefer accumulations during or immediately after extraterres-

trial-caused KT event is the prime force in translocating terrestrial metals to marine

KTboundary sediments of theDanishBasin. At themoment this suggestion remains

an open question and we have to wait until more geochemical data on both the

Danish KT boundary sedimentary rocks and the Kupferschiefer rock are available

for a more substantiated interpretation.

CONCLUSIONS

(1) High concentrations of both Cu (up to 1000 ppm) and Cu2+-P (up to 4000

ppm) have been found in the kerogen structures of the Danish KT boundary layers

(the Fish Clay) at Stevns Klint and Nye Kløv.

(2) It is suggested that the kerogen Cu2+-P are derived from the enhanced

erosion of terrestrial humic accumulations (e.g., peats/soils) during or after the

extraterrestrial caused KT event.

(3) Similar the kerogen Cu2+-P have been detected in near-by L. Permian

Kupferschiefer shale from Poland.

(4) The striking similarities (in some fine geochemical details) between the

Danish KT boundary rocks and the Kupferschiefer rock imply that these rocks are

generically related.
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Detektovane su visoke koncentracije bakar(II) porfirina (do 4000 ppm) u kero-

genima kreda/tercijar (KT) grani~nog tipa sedimenta, Ribqa glina na lokaciji Stevns
Klint , Danska. Ovi pigmenti su tako|e na|eni u danskom KT sedimentu na lokaciji Nye
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Kløv koja je udaqena oko 300 km od Stevns Klint-a. Me|utim, nismo uspeli da detektujemo

bakar(II) porfirineu danskoj grani~noj steniiz Daniapredelakoji je udaqen oko 200 km
od Stevns Klint-a. Predlo�eno je da kerogenski bakar(II) porfirini poti~u od humi~nih
materijala iz kopnenih izvora (treset/zemqi{te), ve} oboga}enih ovim jediwewima,

deponovanih u danskom KT basenu. Na{i rezultati pokazuju da su kerogenski bakar( II)
porfiriniprisutniupermskimKupferschiefer{kriqcimaizPoqskeukoli~inamakoje

se mogu uporediti sa onima iz kerogena Ribqe gline.Po na{emmi{qewu, procesi koji

su kontrolisali oboga}ewe kerogenskim bakar(II) porfirinima Stevns Klintgrani~nog
sedimenta su odgovorni i za visok sadr�aj ovih pigmenata u Kupferschiefer-u.

(Primqeno 2. septembra 1998, revidirano 11. februara 1999)
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The influence of the anionic surfactant sodium dodecyl sulfate on the rate of the

reaction between the cationic form of Nile Blue A and hydrogen peroxide was investi-

gated in the pH range from 5 to 8.5. A retardation of the oxidation of Nile Blue Awith

hydrogen peroxide of three orders of magnitude was observed at pH 8.5 in the presence

of anionic micelles compared to the kinetic data in water. The retardation effect was less

pronounced at lower pH values. These effects were explained by the electrostatic

interaction of the species involved in the reaction with the negatively charged micellar

surface and their effective separation in the vicinity of the micellar surface.

Key words: Nile Blue A, hydrogen peroxide, sodium dodecyl sulfate, micelles.

It is well-established that, in many cases, the rates and pathways of all kinds of
chemical reactions can be altered by performing the reactions inmicellarmedia instead

of pure bulk solvents.1,2 Micellar effects on the rate of chemical and biochemical
processes can be quite varied, ranging from inhibition to activation.3 These kinetic

effects are generally explained in terms of the partition of the substrate between the
aqueous and the micellar phase. Surfactants affect reaction rates by incorporating one

or both of the reactants into the micellar aggregates. Together with this concentration
effect through hydrophobic and electrostatic interactions,micelles also exert amedium

effect (microviscosity, polarity, etc.) that influence the reactivity.

Many results have been published in the literature showing the different

catalytic or inhibitory effects of anionic, cationic and non-ionic surfactants.4-15

Because of the structural similarities between micelles and globular proteins, these

studies are important frombiochemical aspects, asmodel systems for electron-trans-

fer and ligand-exchange reactions on the surfaces of biomembranes or at the

interfaces of globular proteins.

In thepresentpaper, the influenceof theanionicsurfactant sodiumdodecyl sulfate

(SDS) on the rate of oxidation of the protonated formof the phenoxazine dyeNileBlue
Apersulfate (NBA+

HSO
4
�)with hydrogen peroxide (both reactants being hydrophilic)
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was strudied. This reaction, whose characteristics in water are well understood, has
been used for the analytical determination of traces of selenium.16

EXPERIMENTAL

NileBlueApersulfate (Fluka), sodiumdodecyl sulfate (Sigma) andhydrogenperoxide (Merck)

were of analytical grade and used without further purification. Water purified by a Millipore Milli-Q

systemwas used for the preparation of solutions. The pH of the solutions were adjustedwith phosphate

or borate buffer (0.5mM).The hydrogenperoxide solutionswere prepared from30%H2O2 bydilution,

and their concentrations were determined from the concentration of H2TiO4 formed in the reaction of

hydrogen peroxide with Ti(IV).
17

All spectrophotometric and kinetic measurements were performed on a Perkin Elmer Lambda

5 UV-vis spectrophotometer thermostated at 35 ºC. When the reaction time (at least four half-lives)

was less than 5 min, the universal rapid kinetic accessory HI-TECH model SFA12 was fitted to the

spectrophotometer. The kinetic experiments were performed by mixing equal volumes of NBA
+
and

hydrogen peroxide solutions, SDS being added in equal concentrations to both solutions prior to

mixing. The reaction rates were determined from the decrease of the absorbance at the NBA
+

absorption maximum in the visible spectral range with time. Pseudo-first-order rate constants with

respect to hydrogen peroxide (kobs) were obtained from the slopes of ln At versus time. The quoted

values of kobs are the averages of at least ten runs under identical expeirmental conditions. All kientic

measurements were reproducible within the limits of error of ±10%.

The critical micellization concentration (CMC) of SDS in the presence of hydrogen peroxide

was determined by measuring the relative light scattering intensity using a Chromatix KMX-6

low-angle laser photometer operating at 633 nm.

RESULTS AND DISCUSSION

Absorption spectra and pKa of NBA
+
in the presence of anionic micelles

Aqueous solutions of NBA+ exhibit a characteristic absorption spectrumwith
absorption maxima at 279, 329 and 639 nm. The absorption maxima of its conju-

gated base, the neutral compound Nile Blue base (NBB), are shifted to lower
wavelengths (265, 313 and 500 nm, respectively).

From the decrease of the absorbance at 639 nm on increasing the pH from 7

to 12, the protonation constant of NBA+ in aqueous solution was estimated to be

pKa = 9.25±0.05. From the spectrophotometric pH titration of a Nile Blue solution

containing 10 mM SDS in the pH range from 8.5 to 12.5, using both the decrease

of the absorbance at 645 nm and the increase of the absorbance at 500 nm, the

Scheme 1.
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protonation constant of NBA+ localized at the negatively charged micellar surface

was estimated to be pKa = 11.4±0.1. The apparent increase of the pKa of NBA
+ in

micellar solutions of about two pH units can be explained by the higher concentra-

tion of hydrogen ions in the vicinity of the micellar surface compared to bulk

solution.18,19 It must be pointed out that the pH of the solution, measured using a

glass electrode, refers to the bulk concentration of H+ ions.

Significant changes of the intensity and slight changess in the position of the
absorption maxima of NBA+ were observed in the presence of SDS, the greatest

effect being obtained in the visible spectral region (see Fig. 1). It is well known that
changes in the optical properties of somemolecules can be induced by the presence

of surfactant molecules, providing an easy way for the estimation of the CMC of
the surfactant.20 The saturation of the absorbance of NBA+ was observed at a SDS

concentration of 8 mM (see inset in Fig. 1), which corresponds to the CMC value
of SDS. The obtained CMC value in the presence of a low concentration of NBA+

(10 µM) is in good agreement with the reported CMC value at zero ionic strength.21

The increase of the absorption coefficient of NBA+ in the presence of anionic

micelles of more than 50%, compared with an aqueous solution, indicates a
diminution in the polarity in the immediate vicinity of the organic cation as a result

of its localization at the negatively charged micellar surface. This was proved by
recording the spectra of NBA+ in media of variable dielectric constant (water/etha-

nol mixtures22). The absorbance at 640 nm increases with increasing ethanol
content, i.e., with decreasing medium polarity.

Fig. 1. The effect of the SDS concentration on the absorption spectrum of a 10 µMNile Blue A per-

sulfate solution at pH 8.5: a) without SDS; b) 2 mM SDS; c) 3 mM SDS; d) 4 mM SDS; e) 5 mM

SDS; f) 6 mM SDS; g) 7 mM SDS; h) 8�12 mM SDS. Inset: Absorbance at 645 nm as a function of

the concentration of SDS.
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The kinetics of the oxidation of NBA
+
with hydrogen peroxide in the presence of SDS

The oxidation of NBA+ in the presence of hydrogen peroxide results in the

formation of a colorless product and, consequently, a decrease of the absorbance at 639
nm. It has been shown that the oxidation of NBA+ with hydrogen peroxide is base

catalyzed and a rate equation for the reaction in aqueous solutions was postulated

(�d[NBA+]/dt = k
0

[NBA+] [H
2
O
2
] [buffer] [H

3
O
+]�0.5).16However, the significantly

slower spontaneous decomposition of NBA+ was not taken into account.

The kinetics of the oxidation ofNBA+with hydrogen peroxide in the presence

of the micelle forming surfactant SDS was followed in the pH range from 5 to 8.5.

Under pseudo-first-order conditions ([H
2
O
2
] >> [NBA+]), defined pH and constant

buffer concentration (0.5 mM), the experimentally determined rate constant (kobs)
followed the simple rate expression:

kobs = k
s
+ k [H

2
O
2
] (2)

where ks corresponds to the spontaneous decomposition of NBA
+
in the absence of

hydrogen peroxide, while k is the pH dependent second-order rate constant.

The values of k [H
2
O
2
] = kobs � k

s
at constant acidity both in the presence

and absence of SDS (k
SDS

and k
W
, respectively) are presented in Table I. Over the

entire investigated range of acidity, the values of k
s
were <10

�6
s
�1 and (5.0 ± 0.5)

× 10
�5

s
�1 in the case of micellar and aqueous solutions, respectively. The signifi-

cant increase of the pseudo-first-order rate constant with decreasing acidity, both
in the presence and in the absence of micelles, confirmed that the oxidation of

NBA+ with hydrogen peroxide is base catalyzed.

TABLE I. Pseudo-first-order rate constants k [H2O2]=kobs � ks for the reaction of oxidation of NBA
+

(6 µM) with H2O2 (1 M) as a function of pH in water (kw) and in the presence of 10 mM SDS (kSDS),

as well as the retardation factor (RF = kw/kSDS)

pH 5.0 5.9 7.0 8.0 8.5

kw/s
�1 a)

(4.2±0.4)×10�4 (1.1±0.1)×10�3 (8.5±0.6)×10�3 (5.8±0.4)×10�2 (4.3±0.2)×10�1

kSDS/s
�1

(2.4±0.2)×10�6 (4.5±0.3)×10�6 (2.3±0.1)×10�5 (6.4±0.1)×10�5 (2.2±0.1)×10�4

RF 175±35 244±45 370±45 900±80 1955±190
a)
Corrected for the spontaneous decay of NBA

+
, ks = (5.0±0.5)×10�5 s

�1

A significant retardation of the oxidation of NBA+ with hydrogen peroxide

was observed in the presence of micelles. At pH 8.5, the retardation factor (the ratio
between the pseudo-first-order rate constants in the absence and in the presence of

SDS) was around two thousand. Increasing the adicity led to a gradual decrease of
the retardation factor up to a few hundreds. It should be pointed out that the effect

of micelles on the oxidation of NBA+ with hydrogen peroxide is more pronounced
(three orders of magnitude) compared to the kinetic data obtained under similar

experimental conditions for complex formation involving hydrophilic species (one
order of magnitude).9-11 Also, the observed micellar effect is comparable to the
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kinetic data obtained for electron-transfer reactions involving reactants of opposite
polarities.5,6

Retardation of the oxidation ofNBA+with hydrogen peroxide in the pH range

from 5 to 8.5 can be explained in terms of the effective separation of the species

involved in the reaction in the presence of anionic micelles. Anionic micelles

provide a dispersed negatively charged surface in the solution. As a consequence,

the positively charged NBA+ ions partition out of the bulk aqueous phase into the

surface region of the micelles. Apart from the electrostatic interaction, the hydro-

phobic interaction cannot be neglected since, due to its aromatic structure, NBA+

is very probably located in the interfacial "water-rich" region of the micelle where

the polarity is lower than in water (effective dielectric constant of the micellar

surface was estimated as 363). The retardation of the oxidation of NBA+ with

hydrogen peroxide in the presence of SDS can be explained keeping in mind that

the reaction is base catalyzed. Due to the electrostatic repulsion between the

negatively charged micellar surface and the negatively charged hydroxyl ions, the

OH� ions are located solely in the bulk aqueous phase. Therefore, in the presence

of anionic micelles, the species involved in the reaction are effectively separated

and the oxidation process is slowed down.

Since the influence of SDS on the rate of NBA+ oxidation with hydrogen

peroxide is very pronounced, the kinetic measurements can be used for the precise

detection of the surfactant concentration at which micelle formation occurs, which

is generally considered to be the CMC of the surfactant. A typical dependence of

the retardation factor on the concentration of SDS at pH 8.5 is shown in Fig. 2. The

estimated CMC value (2 mM) is smaller than the reported CMC value at zero ionic

strength.21 The lower CMC value can be explained by the presence of the high

Fig. 2. The dependence of the retardation factor (RF = kw/kSDS) on the concentration of SDS for the

reaction of NBA+ (6 µM) with hydrogen peroxide at 35 ºC and pH 8.5.
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concentration (1M) of hydrogen peroxide, which lowers the CMC of the surfactant.

The CMC values, at different acidities in the presence of 1 M H2O2, were also

determined by measuring the relative light scattering intensity as a function of the

surfactant concentration. Agreement between the CMC values determined from

light scattering and kinetic measurements was found.

I Z V O D
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Ispitivan je uticaj anjonskog surfaktanta natrijum-dodecilsulfata na brzinu

reakcije katjonskog oblika Nile Blue A i vodonik-peroksida u pH opsegu od 5 do 8,5. U

pore|ewu sa kineti~kim rezultatima dobijenim u vodenim rastvorima, u prisustvu

anjonskih micela na pH 8,5 prime}eno je usporewe oksidacije Nile Blue A vodonik

peroksidom za tri reda veli~ine. U kiselijim rastvorima efekat usporewa je mawe

izra�en. Ovi efekti su obja{weni elektrostati~kom interakcijom izme|u negativno

naelektrisane povr{ine micela i reaguju}ih vrsta, {to vodi wihovom efikasnom

razdvajawu u blizini povr{ine micele.

(Primqeno 25. novembra 1998, revidirano 5. februara 1999)
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This paper presents a thermodynamic analysis of possible, but insufficiently

studied, chemical reactions occurring during the chlorination of copper(I) sulfide by

calcium chloride in the presence of oxygen. It formed the basis for assessing the

probability and priority of their occurrence. Phase stability diagrams have been plotted

for the Cu�S�O�Cl system in the coordinates log p(S2)�log p(O2)�log p(Cl2) in the

temperature range from 473 to 773 K.

Key words: thermodynamic analysis, Cu�S�O�Cl system, chlorination, calcium chloride.

Many polymetallic ores and potential mineral raw materials containing non-
ferrous metals are not exploited nowadays due to the fact that existing processing

methods cannot solve the problems of their chemical, mineralogical and textural
features in order to obtain the concentrates with high contents of base metals and

low contents of impurities to enable their further metallurgical processing.1,2

From the technological viewpoint, new pyrometallurgical processing meth-

ods, used in the production of non-ferrous metals, are very complex and applied to
relatively rich ores. However, for processing poor ores and other rawmaterials these

processes are unacceptable either from thepoint of viewof techniques or economics.
For these reasons, there has been increased effort worldwide over the last few years,

on the research and development of new processes that are more selective than the
classical ones and that could enable a successful metallurgical processing of such

raw materials. Chlorination is one of the processes being investigated worldwide.

The chlorination of metals in their ores and concentrates is based on the great

activity chlorinating agents towards metals, sulfides, oxides and other composites,
so that chlorination occurs at significantly lower temperatures than it is the casewith

other pyrometallurgical processes (oxidation and reduction). The chlorides are
obtained with a high vapor pressure at relatively moderate temperatures, enabling

either their easy separation from the waste, or they are easily dissolved, and can,
thus be further treated hydrometallurgically.

365

* E-mail: cer@Eunet.yu



Chlorine, hydrochloric acid and metal chlorides, especially of alkaline-earth

and alkalinemetals, and, on the first place, calcium chloride are used as chlorinating

agents.2-11

Calcium chloride can only be used as the chlorination agent in the presence

of oxygen at sufficiently high temperatures to enable its decomposition. However,

the decomposition of calcium chloride occurs at lower temperatures in the presence

of SO2 and SO3, obtained during the oxidation of metal sulfides.1,2,4-7,9-11

The chlorination of metal sulfides by calcium chlroide in the presence of

oxygen is particularly interesting fromthe aspect of using the energyobtainedduring

the oxidation of sulfides and from the environmental point of view because of

binding sulfur into dissoluble calcium sulfate. The calcium sulfate can be retreated

by hydrometallurgical processes and converted into chloride again, enabling the

simultaneous recycling of calcium chloride, which is another contribution to re-

ducting the production cost.1,2,7-10

Bearing all this in mind, as well as that copper(I) sulfide is an important

mineralogical component of copper in natural raw materials and a semiproduct of

existing technologies, this paper aims at investigating the thermodynamics of the

chlorination of copper(I) sulfide by calcium chloride in the presence of oxygen. The

obtained information was used as the basis to assess the probability and priority of the

occurrence of possible chemical reactions which have no been studied sufficiently.

EXPERIMENTAL

Copper(I) sulfide chlorination by calcium chloride was carried out as follows. Homogenized

mixture of copper(I) sulfide (10 g) and 20%of calcium chloride (dried to its constantweight in a drying

oven in order to remove humidity) more than stoichiometricaly required for the chlorination of

copper(I) sulfide to copper(II) chloride was put on a silica vessel in an even layer. Then, it was put

into a silica tube, which had been preheated in an electrical furnace to the investigation temperature.

A constant flow of oxygen (20 dm
3
/h) was introduced into the reaction area through a gas purification

system and a rotameter. From that moment the reaction time was measured.

The X-ray diffraction of chlorinated samples was carried out on a Simens automatic powder

diffractometer model D 5000 with CuKα radiation λ=0.154051µm. Ni filter, the voltage of 40 kV and

the current of 3 A were used for X-ray analysis. X-ray analysis was carried out in angle range from

10º to 80º with step of 0.02 and constant time of 0.25. Before X-ray analysis the chlorinated samples

which had been sintered in the process were ground to the particle size 100% �100mesh. The obtained

X-ray recordings of chlorinated samples were analyzed by using "Diffract At" softer which has a data

base for identifying phase composition of chlorinated samples.

RESULTS AND DISCUSSION

Thermodynamic analysis

Chemical reactions of the chlorination process. The chemical reactions of

copper(I) sulfide chlorination by calciumchloride in the presenceof gaseous oxygen

have been little and insufficiently investigatedwithout being uniformly determined.

Therefore, in order to carry out a thermodynamic analysis, the possible chemical
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reactions have been assumed whereas the conclusion of their probability has been

drawn from the analysis itself.

Fig. 1. X-ray diffractograms of the products of the chlorination of copper(I) sulphide by calcium

chloride in the presence of oxygen for 30 min at for temperatures a) 473 K, b) 573 K, c) 673 K,

d) 773 K.
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The chemical reactions were assumed on the basis of literature data1,2,4,7-15

as well as on X-ray analysis of the chlorination products obtained in the performed

experiments (Fig. 1).

On the basis of the above and in accordance with the stability of copper

sulfides, oxides and sulfates, i.e., the chemical affinity of copper towards sulfur,

oxygen and chlorine, it has been accepted that the chemical process starts with

oxidation reactions of copper(I) sulfide to copper(I) oxide, copper(II) oxide and

copper(II) sulfate and the oxidation of the copper oxides to copper(II) sulfate in the

presence of the formed SO2. Oxidation-reduction reactions of copper(I) sulfidewith

oxygen and copper(I) oxide to elementary copper have also been studied thermo-

dynamically where the reaction of copper(I) sulfide with copper(I) oxide is known

in copper metallurgy.

Therefore, oxidation reactions within the studied chlorination system inves-

tigated thermodynamically are as flows:

2/3 Cu2S(s)+O2(g) = 2/3 Cu2O(s)+2/3 SO2(g) (1)

1/2 Cu2S(s)+O2(g) = CuO(s) + 1/2 SO2(g) (2)

1/3 Cu2S(s)+O2(g) + 1/3 SO2(g) = CuSO4(s) (3)

2/3 Cu2O(s) + O2(g) + 4/3 SO2(g) = 4/3 CuSO4(s) (4)

2 CuO(s) + O2(g) + 2 SO2(g) = CuSO4(s) (5)

Cu2S + O2 = 2Cu + SO2 (6)

Cu2S + 2Cu2O = 6 Cu + SO2 (7)

SO2(g) + O2(g) = 2 SO3(g) (8)

The oxidation products continue to take part in the chlorination, where the

chlorine required for chlorination is either formed by decomposition of calcium

chloride in the presence of SO2 and SO3, or in direct oxidation of calcium chloride

by oxygen. In accordance with that Gibbs energies have been calculated for

temperature range from 298 to 973 K for the following reactions:

CaCl2(s) + 2 SO3(g) = CaSO4(s) + Cl2(g) + SO2(g) (9)

CaCl2(s) + SO2(g) + O2(g) = CaSO4(s) + Cl2(g) (10)

CaCl2(s) + 1/2 O2(g) = CaO(s) + Cl2(g) (11)

The final results of copper chlorination within the investigated system are

copper chlorides: copper(I) chloride and copper(II) chloride (identified on X-ray

recordings), the first being insoluble in water and the later soluble. The probability
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of stable copper(I) sulfide being chlorinated directly, as well as if less stable oxides,

copper(I) oxide and copper(II) oxide, and the evenmore unstable copper(II) sulfate,

i.e., elementary copper, are chlorinated, has been shown by thermodynamic analysis

of the following reactions:

Cu2S(s) + Cl2(g) = 2 CuCl(s,g) + 1/2 S2(g) (12)

1/2 Cu2S(s) + Cl2(g) = CuCl2(s) + 1/4 S2(g) (13)

Cu2O(s) + Cl2(g) = 2 CuCl(s,g) + 1/2 O2(g) (14)

1/2 Cu2O(s) + Cl2(g) = CuCl2(s) + 1/4 O2(g) (15)

2 CuO(s) + Cl2(g) = 2 CuCl(s,g) + O2(g) (16)

CuO(s) + Cl2(g) = CuCl2(s) + 1/2 O2(g) (17)

CuSO4(s) + Cl2(g) = 2 CuCl(s,g) + 2 SO2(g) + 2 O2(g) (18)

CuSO4(s) + Cl2(g) = CuCl2(s) + SO2(g) + O2(g) (19)

2 Cu(s) + Cl2(g) = 2 CuCl(s,g) (20)

Cu (s) + Cl2(g) = CuCl2(s) (21)

The disssociation reaction of CuCl2 to CuCl and Cl2 was analyzed with

particular interest as both products have been experimentally found:

CuCl2(s) = 2 CuCl(s,g) + Cl2(g) (22)

Reactions 12 and 13 show that the formation of elementary sulfur in the vapor

state, can be expected in the utilized temperature range. Some authors12 state that

the sulfur vapors can react with gaseousO2 and Cl2 and for this reason the following

reactions were included in the thermodynamic analysis:

1/2 S2(g) + O2(g) = SO2(g) (23)

1/2 S2(g) + Cl2(g) = SCl2(g) (24)

S2(g) + Cl2(g) = S2Cl2(g) (25)

Gibbs energy of the investigated reactions

Thermodynamic analysis of given reactions in the studied system was made

with the help of HSCChemistry software and its data base of thermodynamic values

required for the calculation of the change in the values of the Gibbs energy for the

reactions in temperature range from 298 to 973 K.

The calculated values of the change of the Gibbs energy are given in Fig. 2,
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in accordance with an interpretation of certain reaction segments, their character

and importance in the process.

The values of ∆Grº (T) for the reactions from 1 to 8 (Fig. 2a) show that all,

except No. 7, are thermodynamically possible and that their occurence can be
expected in the process. The negative value of the change of the Gibbs energy of

these reactions compared to the change in the value of all other reactions, prove the
expectations that they have priority and that the overall sequence of chemical

reactions starts with their occurrence. In the same way, the more negative values of
reactions leading to the formation copper sulfate 3�5 at low temperatures than the

values for the direct formation of Cu2O and CuO oxides, as per reactions 1 and 2,
comply to the industrial practice that copper sulfate is formed up to 923 K, whereas

above 973 K the sulfate dissociates rapidly forming CuO. The positive values of the
change ofGibbs energy for reaction 7 show that it is not thermodynamically possible

within the given temperature range, as opposed to the occurrence of the same
oxidation reaction of Cu2S (white matte) in converters in the pyrometallurgical

process of obtaining raw blister copper. However, the conversion is performed at
higher temperatures (1673 K) and different conditions under which reaction 7 is

intensive. This fact is also indicated by the decrease in the value of Gibbs energy
with temperature (Fig. 2a).

Fig. 2. ∆Grº (T) Values as a function of temperature of the analyzed chlorination reactions of cop-

per(I) sulfide by calcium chloride in the presence of oxygen: a) oxidation reaction; b) decomposi-

tion reaction of calcium chloride and formation of chlorine; c) reaction of copper chloride

formation; d) reactions of sulfur reacting with oxygen and chlorine.
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The assumption that gaseous chlorine, formed by decomposition of calcium
chloride, is a chlorinating agent is confirmed by the change in the Gibbs energy of

reactions 9 and 10 (Fig. 2b). However, the formation of chlorine by the direct oxidation
of calcium chloride by gasseous oxygen is not probable thermodynamically because

the corresponding reaction 11 has a positive value of the change of the Gibbs energy.
At the same time, reactions 9, 10 and 11 point to the fact that the presence of SO2 and

SO3, formed in theoxidationof copper(I) sulfide, is necessary for chlorine tobe formed.
Thus, it proves again that the oxidation reactions of copper(I) sulfide are the initial

chlorination reactions in theCu2S�CaCl2�O2 system. From the diagram (Fig. 2b) it can
beclearlyseenthat reaction10hasamorenegativechangeofGibbsenergythanreaction

9 and, therefore, a greater probability of occurrence.

According to given chemical reactions, there arises the question of what is the

thermodynamic probability and what is the chlorination priority of the oxidation

products like Cu2O, CuO, CuSO4 and Cu, i.e., of the initial copper(I) sulfide and of

the formation of the final chlorination products, CuCl and CuCl2. The answers to

these questions are given in the changes of the Gibbs energies of the corresponding

reactions, shown in Fig. 2c, from which it can be seen that the chlorination of Cu2S

(12 and 13), Cu2O (14 and 15), CuO (16 and 17) and Cu (20 and 21), in temperature

range from 293 to 973 K, are feasible. However, the positive values of the Gibbs

energies for the chlorination reactions of CuSO4 (18 and 19) show that these

reactions do not occur. This is in accordance with literature data12 and has been

shown by our experiments.

Elementary copper and its oxides have not been found by X-ray analysis of

the experimentally obtained chlorination products (Fig. 1), which proves that they

are completely chlorinated according to reactions 14�17, 20 and 21. The small

negative values of the Gibbs energies for the chlorination of copper oxides (CuO,

Cu2O), according to reactions 14�17, indicate the possibility of shifting the balance

of their occurence to the left. However, the shifting of reactions 14�17 in the

direction of oxide formation is prevented by the formation of S2, according to

reactions 12 and 13. On the one hand this is due to the fact S2 can react with Cl2,

according to reactions 24 and 25, forming the thermally unstable chlorides S2Cl2
and SCl2 which dissociate at temperature over 300 ºC,12 forming active chlorine

atoms which take part in the chlorination. On the other hand, S2 can react with

oxygen according to reaction 23, whose values of the Gibbs energy change of which

is significantly lower then the changes for reactions 24 and 25 (Fig. 2d). The formed

SO2 decreases the possibility of reactions 14�17 being shifted to the left, i.e., in the

direction of oxides formation. Basically, S2 reacts here as a reducer and decreases

the oxygen concentration in the reacting gas.

Even though the values of Gibbs energies within the investigated temperature

range for the oxidation reactions of copper(I) sulfide, 1�3 and 6 (Fig. 2a), are more

negative than the values for the chlorination of copper(I) sulfide by chlorine,

reactions 12 and 13 (Fig. 2c), these reactions occur simultaneously. The simultane-
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ous occurrence of the oxidation and chlorination of copper(I) sulfide results from

chlorine (tb(Cl2)=�35 ºC, tb(Cl2) is boiling temperature of Cl2) having higher

adsorption properties than oxygen (tb(O2)=�185 ºC, tb(O2) is boiling temperature

of O2), as it is known that gases with low boiling temperatures adsorb on a solid

surface with more difficulty than gases with high boiling temperatures.

Fig. 3. Phase stability diagrams for the Cu�S�O�Cl system in the coordinates log p(S2)�log p(O2)�

log p(Cl2), a) 473 K; b) 573 K; c) 673 K; d) 773 K.
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Phase stability diagrams

The HSC-Chemistry thermodynamic analysis software and its data base of

thermodynamic values required for the calculation of Gibbs energy changes were

used for making the isothermal phase stability diagrams for the Cu�S�O�Cl system

shown in Fig. 3 in the coordinates log p(S2)�log p(O2)�log p(Cl2) for the tempera-

ture range from 473 to 773 K. The diagrams show that the presence of particular

phases and the size of the phases area changes with temperature. To bemore precise,

the diagrams show that increasing the temperature has a positive influence on the

chlorination, as the size of the phase stability area of CuSO4, not taking part in the

chlorination, decreases with temperature.

CONCLUSION

1. Thermodynamic analysis, based on the calculation of the Gibbs energy

changes, of the chlorination reactions of copper(I) sulfide by calcium chloride in

the presence of oxygen, the following most important thermodynamic possibilities,

i.e., probabilities have been determined:

- The initial starting reactions occurring in the investigated temperature range

(298 � 973K) are oxidation reactions of copper(I) sulfide, whereby Cu2O, CuO,

CuSO4, Cu and SO2 are formed.

- Gaseous chlorine, formed by the decomposition of calcium chloride, is the

chlorinating agent.

- The decomposition of calcium chloride with the release of chlorine occurs

only in the presence of oxygen, as well as SO2 or SO3 formed during copper(I)

sulfide oxidation.

- Copper chlorides, either the insoluble in water CuCl, or the soluble CuCl2,

are both, as final products of chlorination, formed in the chlorination of copper(I)

sulfides, formed oxides (Cu2O, CuO) and elementary copper, whereas copper

sulfate is not chlorinated.

- Elementary S2(g), formed by sulfide chlorination, reacts on the one hand,

with chlorine forming the thermally unstable compounds SCl2 and S2Cl2, the

decomposition of which forms active chlorine atoms, and is, on the other, bound in

SO2, reducing the possibility of oxidation of the formed oxides.

- Increasing temperature reduces the phase stability of CuSO4 which has a

positive effect on the chlorination process.
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TERMODINAMI^KAANALIZA HLOROVAWA BAKRA(I)-SULFIDA
KALCIJUM-HLORIDOM UPRISUSTVU KISEONIKA

RAJKO@. VRA^AR i KATARINAP. CEROVI]

Tehnolo{ko-metalur{ki fakultet, Karnegijeva 4, 11000 Beograd

U radu je data termodinami~ka analiza mogu}ih, a nedovoqno izu~enih hemijskih

reakcija koje se odvijaju u tokuprocesahlorovawabakar(I)-sulfidakalcijum-hloridom
u prisustvu kiseonika i na toj osnovi izvedena je ocena verovatno}e i prioriteta

wihovog odigravawa. Ura|eni su razvijeni dijagrami stabilnostifaza za sistem Cu–S–
O–Cl u koordinatama log p(S2)–log p(O2)–log p(Cl2)) za temperaturni interval od 473 do

773 K.
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The invitro stabilityof
99m

Tc(Sn)-pyrophosphate solutionwas examined independ-

ence on the preparation conditions of the samples, the radioactive concentration of
99m

Tc in

the kit and the time elapsed after labeling. The samples without any protection are highly

unstable. The formation of
99m

Tc-pertechnetate does not depend on the radioactive concen-

tration. Nitrogen purging provides protection in the case of low radioactive concentrations

(37 MBq
99m

Tc/ml) but exhibits no effect at higher concentrations. The best stabilization

was achieved by using ascorbic acid. A concentration of 60 µg/ml keeps the content of
99m

Tc-pertechnetate below 1% during six hours after labeling, even in solutions of high

readioactive concentrations (740�814 MBq/ml). Gentisic acid is less effective. Concentra-

tions about ten times higher than required using ascorbic acid are needed to keep the content

of
99m

Tc-pertechnetate below 5% during six hours.

Key words: pyrophosphate, technetium-99m, ascorbic acid, gentisic acid, chemical

stabilization.

The first step in the production of compounds labeled with 99mTc is its

reduction, usually by stannous ions. Lower, less stable, positively charged states of

technetium readily form complexes with different chelating agents. For the routine

clinical practice, ligand, reductant and some additives (if needed) are prepared and

delivered in the freeze-dried from under vacuum or in an inert atmosphere. The end

user should only add 99mTc activity.

It is known that the radiochemical purity of tin-reduced 99mTc-labelled

radiopharmaceuticals is time dependant. Therefore, their in vitro stability is a very

important parameter. It should be sufficiently high to ensure their confident and

economical use during a reasonable long time after preparation. This time span,

denoted also as the shelf life, is usually up to six hours in most nuclear medical

departments. During this time the radiochemical purity should preferablybe ≥ 95%.

The decomposition of 99mTc-radiopharmaceuticals can be induced by the

presence of some agents present in the 99mTc eluate1 and/or in the inactive compo-

nents of the kit. Enhanced investigations were devoted to the eximination of the
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effects of the products of the radiolysis of water whereby different free radicals and

molecular products, like hydrogen peroxide, are formed.

In a previous paper,2 several methods aimed at maintaning a high radiochemi-

cal purity of 99mTc(Sn)-pyrophosphate (PyP) solutions were tested. Oxygen was

partially excluded by nitrogen purging and the effect of some chemical stabilizers

was also examined. These experiments were performed at low radioactive concen-

trations of 99mTc so that the decomposition of the complex was triggered by its

exposure to air ("oxygen" conditions) or by the addition of hydrogen peroxide.

However, in routine practice, much higher technetium activities for labeling

are needed. In this paper the applicability of these protectionmethodswas examined

over a broad region of radioactive concentrations of 99mTc. The effects of nitrogen

purging or the addition of either ascorbic or gentisic acid into the PyP solution

containing up to 814 MBq 99mTc (22 mCi) per ml of the kit were investigated. The

aim was to show if these methods would still be effective enough and if the

concentrations of the chemical stabilizers which were found sufficient at low

radioactive concentrations would still be applicable when the labeling was per-

formed under these experimental conditions.

EXPERIMENTAL

Tetrasodium pyrophosphate anhydrous (PyP, Fluka), L(+)-ascorbic acid (Merck), stannous

chloride dihydrate (Merck) and 2,5-dihydroxybenzoic (gentisic) acid (Fluka) were commercial p.a.

grade chemicals. For the experiments, fresh solutions of PyP dissolved in 0.154 mol dm
�3

NaCl

(self-made) and SnCl2 dissolved in conc. HCl and diluted in bidistilled water were used. The other

reagents were also prepared fresh. The ratio ligand/reductant was kept constant so that their concen-

trations in the kit were 4×10�2 mol dm�3
PyP and 9×10�4 mol dm�3

SnCl2.

The formation of
99m

Tc-pertechnetate in the labeled PyP solution was followed in the samples

prepared and treated under the following experimental conditions:

a) kit prepared directly from the reactant solutions and the experiment were performed without

any protection ("oxygen" conditions);

b) kit prepared from solutions of PyP and SnCl2 previously purged with nitrogen ("nitrogen"

conditions); during the experiments the samples were kept in an air atmosphere;

c) to the kit solution prepared under "oxygen" conditions, small volumes (≤ 1ml) of an aqueous

solution of either ascorbic or gentisic acid of knownconcentrationswere added; during the experiments

the samples were also kept in an air atmosphere.

Labelingwas performed by the addition of
99m

Tc-eluate obtained by elution of the high activity
99
Mo/

99m
Tc generators (Vin~a Institute of Nuclear Sciences, Laboratory for Radioisotopes).

The elutions were performed in 24-hours intervals using self-made saline solution. The

labelings were performed after not longer than 20 min after the elution of the generators.

The experiments were carried out in the following ranges of initial radioactive concentrations

of
99m

Tc: 18.5�37 MBq (0.5�1 mCi), 370�444 MBq (10�12 mCi), 555�630 MBq (15�17 mCi) and

740�814 MBq (20�22 mCi) per ml of the kit sample.

The final pH of the samples was 7�7.5.

In definite time intervals after addition of
99m

Tc activity (15 min, 3 and 6 h) the content of
99m

Tc-pertechnetate was determined using ascending paper chromatography (Whatman No.1) with
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acetone as the mobile phase. In this system
99m

Tc(Sn)-PyP and
99m

Tc-hydrolyzate remain at the start

(Rf = 0), while
99m

Tc-pertechnetatemigrates with the solvent front (Rf= 1). After developing, the paper

strips were cut into 1-cm pieces and measured in a gamma scintillation counter (Gamma 3 33, ICN).

RESULTS AND DISCUSSION

It was supposed that among the products of water radiolysis, hydrogen peroxide

is the species mainly responsable for the deterioration of the 99mTc(Sn)-PyP. It could

cause theoxidationof thestannous ions, thuspreventing the reductionof theheptavalent

technetium, and/or the re-oxidation of the already reduced 99mTc. The extent of its

formation depends on the decay time, the radioactive concentration of 99mTc and the

pHof the kit solution.3 Itwas found that at pH 6 and an initial radioactive concentration

of about 7.4 GBq/ml, approximately 0.5µg H2O2/ml is formed when the eluate was

allowed to stand for 1.5 h.4 Thus, it could be expected that a significant quantity of

hydrogen peroxide is generated, particularly when eluates of high radioactive concen-

trations are allowed to stand for many hours before use.

The yield of hydrogen peroxide also depends on the amount of oxygen

dissolved in thewater. Hence, the simplestmethod to protect the labeled preparation

would be to suppress the peroxide formation by excluding oxygen. This can be done

by purging the reactant solutions with nitrogen ("nitrogen" conditions). It is also

important to ensure that no air is introduced into the kit vial.

Table I presents the data obtainedwith99mTc(Sn)-PyPprepared under "nitrogen"

conditions for the various ranges of radioactive concentrations of 99mTc in the kit

solution. In practice it is difficult to prevent the introduction of air into the vial. So, in

our experiments, this protection method was performed under the most unsuitable

conditions. It was restricted to the preparation of the kit solution, i.e., nitrogen purging

of the reactant solutions only.After labeling the sampleswerekept in an air atmosphere.

TABLE I. Formation of
99m

Tc-pertechnetate in
99m

Tc(Sn)-PyP in dependance on the experimental

conditions and the time elapsed after labeling. Concentrations: 4×10�2mol dm�3
PyP and 9×10-4 mol

dm
�3

SnCl2. (Oxygen: samples prepared directly from the reactant solutions; Nitrogen: reactant

solutions previously purged with nitrogen). Initial
99m

Tc radioactive concentration ranges: 18.5�37

and 370-444 MBq/ml of the kit

Time after
labeling, h

Initial radioactive
concentration, MBq
99m

Tc/ml of the kit

Content of
99m

Tc-pertechnetate,%

"Oxygen"
samples

"Nitrogen"
samples

0.25
18.5�37
370�444

2.8±1.2
4.4±1.4

1.0±0.2
3.8±1.12

3
18.5�37

370�444

10.1±0.8
9.2±1.2

2.4±0.9
8.4±1.2

6
18.5�37

370�444

14.7±1.2
14.2±2.5

5.7±2.2
�
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For comparison, the content of hydrogen peroxide in the samples prepared

without any protection ("oxygen" conditions) is shown. These samples were pre-

pared simply by dissolving and dispensing of the corresponding chemicals.

As the measure of the efficiency of the applied stabilization procedure, an

arbitrary upper limit of 5% of 99mTc-pertechnetate was taken. This means that a

given procedure is considered satisfactory if not more than 5% of 99mTc-pertech-

netate is formed in the kit solution during six hours.

From the results shown inTable I it can be concluded that the samples prepared

under the "oxygen" conditions are highly unstable. The formation of99mTc-pertech-

netate does not depend on the radioactive concentration. Similar values were

obtained for all the examined ranges of radioactive concentrations.

Nitrogen purging of the reactant solutions is efficient only at low 99mTc

radioactive concentrations (up to 37 MBq/ml). Under these conditions the
99mTc(Sn)-PyP is stable for up to six hours after labeling. However, at higher

radioactive concentrations of 99mTc this protection method is no longer efficient.

The second stabilization procedure was the addition of either ascorbic or

gentisic acid into the PyP solution which was then labeled with 99mTc. The samples

were prepared under "oxygen" conditions. The contents of these chemical stabili-

zators given in Table II and III represent the necessary concentration minimum of

the given stabilizator to achieve the desired protecting effect.

TABLE II. Effect of ascorbic acid on the formation of
99m

Tc-pertechnetate in
99m

Tc(Sn)-PyP prepared

under "oxygen" conditions, in dependence on the initial
99m

Tc radioactive concentration and the time

elapsed after labeling. Concentrations: 4×10�2 mol dm�3
PyP and 9×10�4 mol dm�3

SnCl2

Initial radioactive
concentration, MBq
99m

Tc/ml of the kit

Content of

ascorbic acid,

µg/ml of the kit

Time after labeling, h

0.25 3 6

18.5�37 5 0.4±0.2 0.3±0.1 0.5±0.1
370�444 10 0.1±0.02 0.3±0.1 0.4±0.1
555�630 30 0.7±0.2 0.4±0.2 1.0±0.2
740�814 60 0.1±0.05 0.4±0.1 0.4±0.1

In Table II the influence of ascorbic acid on the stability of 99mTc(Sn)PyP is

given. It can be seen that this chemical is a very efficient stabilizator already at low

concentrations. Even in the highest range of the radioactive concentration of 99mTc

(740�814MBq/ml) only 60µg of ascorbic acid per ml of the kit is sufficient to keep

the content of 99mTc-pertechnetate below 1% during six hours.

The effect of gentisic acid is presented in Table III. The result show that, in

comparison with ascorbic acid, the efficiency of gentisic acid is lower. Already at

the lowest radioactive concentration range the content of pertechnetate in the

presence of 50 µg of gentisic acid was 1�2%. In the highest examined range
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(750�814 MBq 99mTc/ml) 500 µg/ml was needed to keep the content of 99mTc-

pertechnetate below 5% during six hours.

TABLE III. Effect of gentisic acid on the formation of
99m

Tc-pertechnetate in
99m

Tc(Sn)-PyPprepared

under "oxygen" conditions, in dependence on the initial
99m

Tc radioactive concentration and the time

elapsed after labeling. Concentrations: 4×10�2 mol dm�3
PyP and 9×10�4 mol dm�3

SnCl2

Initial radioactive
concentration, MBq
99m

Tc/ml of the kit

Content of
gentisic acid,

µg/ml of the kit

Time after labelling, h

0.25 3 6

18.5�37 50 1.2±0.2 0.8±0.2 1.8±0.2
370�444 80 1.0±0.2 2.7±0.4 6.7±2.1
370�444 120 1.0±0.2 2.7±0.5 2.9±0.5
740�814 300 � 3.6±0.6 5.6±0.5
740�814 500 0.6±0.2 1.7±0.3 2.9±0.5

CONCLUSIONS

The results show that the unprotected 99mTc(Sn)-PyP kit solution (prepared

under "oxygen" conditions) is unstable. Already in the first hour after labeling a

considerable amount of 99mTc-pertechnetate is found. Its formation seems to be

practically independent of the radioactive concentration.

The common protection procedure of nitrogen purging was effective only for

kit solutions of low radioactive concentration. Taking arbitrarily the formation of

5% of free 99mTc-pertechnetate during six hours after labeling as a tolerable level,

it can be seen that this method is reliable for at least 3 h. However, already in the

next higher radioactive concentration range (370�444MBq 99mTc/ml), this method

of stabilization is not applicable.

The antioxidants ascorbic and gentisic acids can be successfully used for the

stabilization of 99mTc(Sn)-PyP. However, already in the lowest radioactive concen-

tration range ascorbic acid ismore efficient.Asimilar conclusion can alsobe reached

by comparing the results of the kit stability at higher concentrations of 99mTc

radioactivity. By increasing the concentration of ascorbic acid up to 60 µg/ml, the

content of 99mTc-pertechnetate is max. 1% even when the radioactive concentration

was 814 MBq/ml.

Gentisic acid was found to be less efficient. In addition, the content of gentisic

acid should be about ten timeshigher than that of ascorbic acid.When the radioactive

concentration of 99mTc was raised up to 740�814 MBq/ml, it was necessary to add

500 µg of gentisic acid per ml of the kit solution to keep the content of 99mTc-

pertechnetate below 5%. At these concentrations of gentisic acid a coloration of the

kit solution appeared. It would be necessary to examine whether this content of

stabilizator has eventually some side-effects, e.g., a change in the biodistribution.
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Generally, it was observed that with increasing radioactive concentration the

content of both chemical stabilizers also has to be increased. This increase is much

higher than expected taking into account only the supposed radiation-induced

production of hydrogen peroxide. This indicates that the assumed reaction mecha-

nism in the kit solution of high radioactive concentration is much more complex.

The difference in the efficiency of ascorbic and gentisic acid is probably due

to their chemical structure. Ascorbic acid system is a combination of various

components with different chemical properties. Some of them are very efficient

radical scavengers. The reactions of gentisic acid, a derivative of salicilic acid, under

the given experimental conditions need further investigation.

I Z V O D

UTICAJ RADIOAKTIVNE KONCENTRACIJE NA IN VITROSTABILNOST Tc-99m(Sn)-
PIROFOSFATA

JURIJ L. VU^INA

Institut za nuklearne nauke "Vin~a", Laboratorija za radioizotope, p.pr. 522, 11001 Beograd

Ispitivana je in vitro stabilnost rastvora
99mTc(Sn)-pirofosfata (PyP)u zavis-

nosti od uslova pripreme uzorka, radioaktivne koncentracije
99mTc i vremena protek-

log od obele�avawa. Uzorci bez za{tite su nestabilni. Sadr�aj
99mTc-pertehnetata u

wima raste sa vremenom prakti~no nezavisno od radioaktivne koncentracije. Za{tita

barbotirawem azotom rastvora reaktanata je efikasna samo kod niskih radioaktivnih

koncentracija (37 MBq/ml) dok kod vi{ih nema vi{e efekta. Antioksidansi askorbin-

ska i 2,5-dihidroksi benzoeva kiselina uti~u na stabilnost obele�enog preparata.

Askorbinska kiselina je efikasnija. I kod najve}ih ispitivanih radioaktivnih kon-

centracija (740�814 MBq/ml) potrebno je samo oko 60 µg/ml da sadr�aj
99mTc pertehne-

tata ne pre|e 1% tokom celog ispitivanog perioda (6 h). 2,5-Dihidroksi benzoeva

kiselina je mawe efikasna i potrebne su znatno ve}e koncentracije da sadr�aj 99mTc-
pertehnetata u preparatu ne pre|e 5% tokom perioda ispitivawa. Sa pove}awem

radioaktivne koncentracije pove}ava se i koncentracija hemijskih stabilizatora

potrebna da bi se postigao tra�eni za{titni efekat.

(Primqeno 18. decembra 1998)
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The preparation and properties of some complexes of cobalt(II), zinc(II) and

copper(II) with several newly synthesized benzimidazole derivatives (L) are reported.

The complexes, of the general formula [MCl2L2] (M=Co(II), Zn(II)) and

[CuCl2L(H2O]), have a tetrahedral structure. The complexes were characterized by

elemental analysis, molar conductivity, magnetic susceptibility measurements, IR and

absorption electronic spectra. The antibacterial activitiy of the benzimidazoles and their

complexes was evaluated against Erwinia carotovora subsp. carotovora and Erwinia

amylovora. The complexes were found to be more toxic than the ligands.

Key words: complexes, cobalt(II), zinc(II), copper(II), benzimidiazole derivatives,
physico-chemical characterization, biological activity.

Benzimidazole and its derivatives are of considerable importance because of

their biological properties.1-6 Many different benzimidazoles have found commer-
cial applications in the medical and agricultural fields where the derivatives have

such activities as bacteriostats and bactericides, insecticides, fungicides, sedatives,
anticarcinogens and phycopharmacological agents.7-12 The complexes of transition

metal salts with benzimidazole derivatives have been extensively studied as models
of some important biologicalmolecules.13-17The newly synthesized benzimidazole

derivatives investigated in the present work possess good antibacterial and selective
antifungal activities against different strains of bacteria and fung.18

In this paper we report the synthesis and some physico-chemical charac-

teristics of complexes of three series of benzimidazoles (L) (Table I). The general

formula of the complexes is [MCl
2
L
2
] (M=Co(II), Zn(II)) and [CuCl

2
L(H

2
O)]. We

also report the antibacterial activity of these complexes, the results of which are
discussed in this communication.
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TABELA I. Structural formula of the ligands

Series I R1 R2 R3 R4

I-p-CH3 p-CH3 H CH3 CH3

I-m-OCH3 m-OCH3 H CH3 CH3

Series II

II-m-F m-F NH2 H H

II-m-Cl m-Cl NH2 H H

Series III

III-m-CH3 m-CH3 NH2 CH3 CH3

III-m-F m-F NH2 CH3 CH3

III-m-Cl m-Cl NH2 CH3 CH3

EXPERIMENTAL

Reagents

Ligands were synthesized by Vlaovi} et al. according to a procedure described earlier.
18

All

chemicals used for the preparation of the complexes were of analytical reagent grade, commercially

available from different sources.

Synthesis of complexes

All the complexes are prepared following the same procedure. A solution of 1.25 mmol

CoCl2.6H2O, ZnCl2 or CuCl2.2H2O in 5 cm
3
of EtOH was added to a solution of 2.5 mmol of the

ligand in 5 cm
3
EtOH. The resulting mixture was boiled under reflux on a water bath for about 2 h and

then cooled. The complexes were separated from the reaction mixture by filtration, washed with EtOH

and dried in vacuo over CaCl2.

Measurements methods

Elemental analysis was carried out by standard micromethods. Magnetic susceptibility meas-

urements were made at room temperature using a MSB-MKI magnetic susceptibility balance (Sher-

wood Scientific Ltd., Cambridge, England). Molar conductivies of freshly prepared 10
�3

mol dm
�3

solutions (DMF) were measured on a Jenway 4010 conductivity meter. The infrared spectra (KBr

pellets) were recorded on an Infrared 457 Perkin-Elmer spectrophotometer. The electronic absorption

spectra (UV-VIS) were taken on a Cary 219 spectrophotometer.

Antibacterial investigations

For these investigations the filter paper disc method was applied. The investigated isolates of

bacteria were seeded in tubes with nutrient broth (NB). The seeded NB(1 cm
3
) were homogenized in

the tubes with 9 cm
3
of melted (45 ºC) nutrient agar (NA). The homogeneous suspensions were poured

into Petri dishes.
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The discs of filter paper (diameter 5 mm) were ranged on the cool medium. After cooling on

the formed solid medium, 2×10�5 dm3
of the investigated compounds were applied using a mi-

cropipette. After incubation for 24 h in a thermostat at 25�27 ºC, the inhibition (sterile) zone diameters

(including disc)weremeasured and expressed inmm.An inhibition zone diameter over 8mm indicates

that the tested compound is active against the bacteria under investigation. Every test was done in

triplicate.

The antibacterial activities of the investigated compounds were tested against two strains of

bacteria (Erwinia carotovora subsp. carotovora andErwiniaamylovora). Parallelwith the antibacterial

investigations of the Cu(II), Zn(II) and Co(II) complexes, all ligands were also tested, as well as the

pure solvent. The concentration of each solution was 5×10�2 mol dm
�3

. Commercial DMF was

employed to dissolve the tested samples.

RESULTS AND DISCUSSION

The complexes were synthesized in the reaction of a warm ethanolic solution

of the MCl
2
.nH

2
O (M = Co(II), Cu(II), Zn(II) with benzimidazole derivatives in a

mole ratio 1:2. It should be noticed, that the reaction of CuCl
2
.2H

2
O yielded mono

(ligand) complexes, even when the ligand was presented in a double excess.

TABLE II. Some physical characteristics and analytical data of the complexes

Complex Colour µeff(µB) λM
*

Found (Calcd.)%

M C H

[CoCl2(LI-p-CH
3
)2] blue 4.41 2.1

9.30

(9.36)

67.14

(64.78)

6.37

(6.72)

[CoCl2(LII-m-Cl)2] blue 4.58 11.2
9.28

(9.14)

51.56

(52.11)

3.12

(3.72)

[CoCl2(LIII-m-F)2] blue 4.69 7.7
8.95

(8.82)

56.59

(57.49)

4.47

(4.79)

[CuCl2(LI-p-CH
3
)H2O] yellow 2.00 34.5

16.49

(16.53)

53.97

(53.06)

5.56

(4.68)

[CuCl2(LII-m-F)H2O] brown 1.95 30.2
16.64

(16.92)

42.55

(44.75)

4.22

(3.48)

[CuCl2(LIII-m-CH
3
)H2O] grean 1.83 17.3

15.87

(15.91)

51.40

(51.07)

5,.32

5.14)

[ZnCl2(LI-m-OCH
3
)2] white diam. 5.8

9.82

(9.78)

55.17

(61.05)

5.22

(5.39)

[ZnCl2(LII-m-Cl)2] white diam. 4.3
9.60

(10.04)

48.30

(51.59)

3.89

(3.68)

[ZnCl2(LIII-m-Cl)2] rose diam. 3.6
8.63

(9.25)

50.91

(54.30)

4.05

(4.52)

*In DMF, 1 mmol dm–3 solution at 25 ºC; in S cm2 mol–1

The results of the elemental analyses of the complexes, aswell as themagnetic

moment and molar conductance data are summarized in Table II. All the complexes
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are insoluble in most common organic solvents. They are highly soluble in DMF,

somewhat less soluble in MeOH and EtOH.

The molar conductances of the cobalt(II) and zinc(II) complexes in DMF

solutions fall in the range 2.1�11.2 S cm2 mol�1. These values indicate that the

complexes behave as non-electrolytes in DMF.19 The molar conductance values of

the copper(II) complexes, compared with the values of non-electrolytes, are higher

(17.3�34.5 S cm2 mol�1). These values are considerably less than the molar

conductances of 1:1 type electrolytes (λ
M
= 65�90 S cm

2mol�1),19which indicates

the partial substitution of coordinated chloride ions with solvent molecules.

Magnetic properties

An indication of themost probable geometric configuration of the synthesized

Co(II) complexes is given by their colour andmagneticmoments (Table II).Namely,

blue cobalt(II) complexes usually have a tetrahedral configuration. The magnetic

moment values (Table II) of the cobalt(II) complexes are in the expected range

(4.2�4.7 µ
B
) for tetrahedral stereochemistry.20

The room temperature effective magnetic moments of the copper(II) com-

plexes are in the range of 1.73�2.20µ
B
, which corresponds to one unpaired electron

typical for tetrahedral geometry.21

Electronic spectra

The electronic spectra of the investigated complexes and those of the corre-

sponding ligands were recorded in DMF (Table III). The cobalt(II) complexes

retained their blue colour in solution, the zinc(II) complexes are uncoloured, but all

the different coloured copper(II)complexes are yellow in DMF solution.

TABLE III. Electronic spectral data of the complexes

Complex Absorption maxima [kK]* (ε
max

)[dm2
mol

�1
cm

�1]

[CoCl2(LI-p-CH
3
)2] 35.7sh (1110) 34.5 (1210) 16.4sh (280) 15.9 (320) 15.3sh (310)

[CoCl2(LII-m-Cl)2] 35.7sh (840) 33.9 (1040) 16.2sh (360) 15.9 (380) 15.4sh (360)

[CoCl2(LIII-m-F)2] 35.7sh (920) 33.3 (1140) 17.1sh (260) 16.1 (470) 15.4sh (470)

[CuCl2(LI-p-CH
3
)H2O] 35.7sh (385) 34.0 (475) 28.1 (240) 23.8sh (100)

[CuCl2(LIII-m-F)H2O] 35.7sh (525) 33.6 (630) 28.2 (275) 23.5sh (130)

[CuCl2(LII-m-CH
3
)H2O] 35.8sh (480) 33.8 (690) 28.6 (310) 26.7 sh (200)

[ZnCl2(LI-m-OCH
3
)2] 35.7sh (375) 34.5 (430)

[ZnCl2(LII-m-Cl)2] 35.7 sh (500) 34.0 (590)

[ZnCl
2
(L

III-m-Cl
)
2
] 35.7 sh (455) 33.6 (560)

*sh = shoulder, kK = 1000 cm–1
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The spectra of the ligands show two intense bands in the UV region around

40 and 35 kK (splitted); the former may be assigned to the imidazole moiety and

the latter to the benzene ring of the ligand.22 The splitting of the second band may

be due to a lowering of the symmetry of the benzene ring.

The complexes exhibit very intense bands in the UV region and weak broad

bands in the visible region (except the Zn(II) complexes). The positions and features

of the bands in the UV region are nearly the same as those of the ligand bands.

The electronic absorption spectra of the cobalt(II) complexes show a broad

band in the 15.2�17.1 kK region. The visible spectrum is dominated by the highest

energy 4
A
2
→4

T
1
(P) transition,20,23 typical for tetrahedral cobalt(II) complexes.

The high molar exctinction coefficients of the cobalt(II) complexes and their blue

colour suggest the tetrahedral configuration is retained in solution.23

The electronic absorption spectra of the copper(II) complexes show a broad

absorption band about 28 kK and a shoulder around 23�26 kK. The broad band at

28 kK overlaps with the intense band of the ligand at about 35 kK.24

The electronic spectra of the zinc(II) complexes exibit very intense bands in

the UV region around 35 kK, the same as those of the ligand bands.

Infrared spectra

The infrared spectra of the ligands exhibit a band at 3450�3330 cm�1 and ca.

1650 cm�1
, assigned to ν (NH

2
) and δ (NH

2
) of the benzimidazole ring, respec-

tively25 (series II and III). Theband appearing at about 1550 cm�1
, for all the ligands,

may be assigned to ν (C=N) vibrations.24,25 The substituted phenyl group shows

ring vibrations at 1485 and 740 cm�1
. The infrared spectra of the complexes

investigated are similar to those of the corresonding ligands.

An upward shift (5�15 cm�1) of ν(C=N) band in the IR spectra of the
complexes as compared to its value in the free ligand, suggests coordination through

the pyridine nitrogen of the benzimidazoles.24 The bands due to ν (NH
2
) and δ

(NH
2
) in the complexes are shifted to lower frequency in all the complexes. These

shifts may be indicative of the presence of hydrogen bonding.26,27 In the case of

[CuCl
2
L(H

2
O)], hydrogen bonds may be formed between the NH

2
group of the

ligands and the coordinated water molecule.

The other bands in the spectrum of each complex are similar to those in the
corresponding ligand spectrum, except for slight shifts in their positions and changes

in their intensities due to coordination.

The presented results (molar conductivities, magnetic moments, electronic
and IR spectra) suggest that the Co(II) and Zn(II) complexes are tetrahedral, which

is realized by participation of the pyridine nitrogen of two organic ligand molecules
and two chloride anions, typical for these classes of organic ligands.28,29 In the case

of the Cu(II) complexes, two types of geometries of tetracoordinated copper(II) are
possible: the tetrahedral and square-planar.30 From the presented results, it was not
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possible to determine the exact geometry. We concluded that the real structure is
between the tetrahedral and square-planar geometries. This configuraiton is realized

by the participation of the pyridine nitrogen of one organic ligand molecule, two
chloride anions and one molecule of water.

Antibacterial activities

Somerecentpapers18,31,32dealingwith theantibacterial, antiviral, antihistaminic

and fungicidal activity of benzimidazoles encouraged us to investigate the biological
activity of the complexes synthesized in the present work. The antibacterial activity of

thesecomplexeswastestedagainstphytopathogenicstrainsofbacteria inorder toobtain
newpotent formulations for plant protection. All the complexeswere screened for their

antibacterial activities against Erwinia carotovora subsp. carotovora and Erwinia
amylovora. The relevant data are presented in Table IV.

TABLE IV. Antibacterial activity of the benzimidazole derivatives and their complexes

Compound
Inhibition zone diameter (mm)

Erwinia carotovora subsp. carotovora Erwinia amylovora

Ligands

I-p-CH3 0 0

I-m-OCH3 0 0

II-m-Cl 16 22

II-m-F 15 23

III-m-CH3 13 17

III-m-Cl 10 9

III-m-F 8 11

Complexes

[CoCl2(LI-p-CH
3
)2] 0 0

[CoCl2(LII-m-Cl)2] 20 25

[CoCl2(LIII-m-F)2] 12 15

[CuCl2(LI-p-CH
3
)H2O] 0 0

[CuCl2(LII-m-F)H2O] 22 30

[CuCl2(LIII-m-CH
3
)H2O] 17 17

[ZnCl2(LI-m-OCH
3
)2] 0 0

[ZnCl2(LII-m-Cl)2] 18 23

[ZnCl2(LIII-m-Cl)2] 12 16

From the data, it is evident that ligands belonging to the series II and III and
their complexes are active against both of the bacteria under investigations. In the

case of the ligands, the most active compounds are from series II. Benzimidazoles
from the series III come next in order of activity. It was found that compounds of

series I are not effective against the investigated bacteria.
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From the results, it can be concluded that the basic antibacterial activity of the
benzimidazoles is due to the presence of an amino group at position 2 of the

benzimidazole ring. At the same time,methyl groups at the 5 or 6 position decreases
the general antibacterial activity of the relevant benzimidazoles.

On comparing the biological activity of the ligands and their complexes, it

was found that the complexes are more effective against both of the bacteria.26,33

The higher activity of the complexes, as compared to the free ligands, can be

understood in terms of the chelation theory.34 This theory explains that a decrease
in the polarizability of the metal could enhance the lipophilicity of the complexes.

Of the complexes, themost active compounds are those containing copper(II).

This may be attributed to the high biological activity of free copper(II) ions.

From the present investigations, it canbe concluded that the newly synthesized
benzimidazoles and their complexes could find application as various pharmaceu-

ticals and for plant protection.

I Z V O D

KOBALT(II), CINK(II) I BAKAR(II) KOMPLEKSI SANOVOSINTETISANIM

DERIVATIMA BENZIMIDAZOLA
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Opisana je sinteza tetraedarskih kompleksa kobalta(II), cinka(II) i bakra(II) sa

novosintetisanimderivatimabenzimidazolaop{teformule [MCl2L2] (M=Co(II), Zn(II))
i [CuCl2L(H2O)]. Kompleksi su okarakterisani elementarnom analizom, magnetnim i

konduktometrijskim merewima, IR i elektronskim apsorpcionim spektrima. Ispitana

je antibakterijska aktivnost derivata benzimidazola i wihovih kompleksa na bak-

terije Erwinia carotovora subsp. carotovora i Ervinia amylovora. Na|eno je da kompleksi

pokazuju ve}u biolo{ku aktivnost od samih liganada.

(Primqeno 21. oktobra 1998, revidirano 18. januara 1999)
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The content and composition of fatty acids and alkanes of Satureja adamovicii

[ili} and Satureja fukarekii [ili} were analized by GC. It was found that unsaturated
acids prevailed and that themajor componentswere palmitic, oleic, linoleic and linolenic
acids. The hydrocarbon fractions of pentane extracts were shown to consist of the alkane
homologues (C17 to C34) with nonacosane and hentriacontane being prevailing com-

pounds.

Key words: Satureja adamovicii [ili}, Satureja fukarekii [ili}, fatty acids, hydrocarbons.

Satureja adamovicii [ili} and Satureja fukarekii [ili} are endemic species of
the Balkan peninsula.1

Satureja adamovicii [ili} grows on the stony approaches to uncovered cliffs
of small uneven spots ofMacedonia.Satureja fukarekii[ili}, also known asSatureja
tenusFormanec andSaturejamontanaL. var. kitaiballi (Weirzb.) Brig. subvar. tenus

(Formanec),2 usually grows on karst rocks and serpentine sides of some river gorges

of Macedonia.

Chemical studies of these species concerned the qualitative nad quantitative

determination of the essential oil content.3 We could find only one paper dealing

with hydrocarbon fractions of pentane extracts of some species of Satureja genus4,5

and one about the content and composition of the fatty acids of the total nutlet lipids

of 11 species of Satureja.

6 The aim of this study was to enrich the data of the above

mentioned species to include those of the compositions of the acids and hydrocar-

bons, because of their insufficiency in the literature.

EXPERIMENTAL

Plant material. The plant material was collected in the blooming phase of vegetation. S.

adamovicii [ili} specimens were collected from the valley of the Rajec river and S. fukarekii [ili} near
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Katlanovska banja in Macedonia. The specimens were deposited in the herbarium of Dr. Novica

Ran|elovi}, at the Faculty of Technology in Leskovac. The leaves, flowers and the green parts of the

stems were air-dried for ten days at room temperature. The fatty acids and hydrocarbons were

determined by previously reported procdures.
7,8

The chloroform extraction of S. adamovicii [ili} gave
7.80% and of S. fukarekii [ili} 7.20% of residue. The pentane extraction of S. adamovicii [ili} gave
2.03% and of S. fukarekii [ili} 1.54% of residue.

The methyl esters of the fatty acids of S. adamovicii [ili} and S. fukarekii [ili} were analyzed with
a Hewlett Packard series 2 Gas Chromatograph on a Carbowax 20 M capillary column 25 m × 0.32 mm

with an FID. N2 was the carrier gas (pressure 330 kPa). The column temperature was programmed, 40�50

ºC (at 2 ºC/min), 55�140 ºC (at 10 ºC/min), 140�200 ºC (at 5 ºC/min) and then held 12min at 200 ºC. The

injector temperature was 200 ºC and the detector temperature 300 ºC. Identification of compounds was

carried out by the co-injection of authentic compounds. The obtained results are shown in Table I.

The hydrocarbons fractions of S. adamovicii [ili} and S. fukarekii [ili} were analyzed on 4 m
× 3mm fused silica DB-1 column, FID, carrier gas He (2 cm

3
/min). The column temperature was

programmed 50�250 ºC at 15 ºC/min. The injector and detector temperature were both 300 ºC.

Identification of compounds was carried out by the co-injection of authentic compounds.

RESULTS AND DISCUSSION

The chloroform extraction of aerial dry plant material gave a 7.80% residue

for S. adamovicii [ili} and 7.20% for S. fukarekii [ili}.

The saponification of the chloroform extract with a 12% NaOH ethanolic
solution afforded the free fatty acids, which were esterified by methanol and the
obtained methyl esters GC analyzed.

Identification by the GC of the fatty acids gave the results shown in Table I.
It is obvious that unsaturated fatty acids prevail in both examined species.

TABLE I. Methyl esters of the fatty acids of S. adamovicii [ili} and S. fukarekii [ili}

Components
S. adamovicii

Yield,%

S. fukarekii
Yield,%

Methyl laurate 0.17 0.15

Methyl myristate 1.99 1.43

Methyl palmitate 24.13 24.45

Methyl stearate 5.68 4.34

Methyl oleate 15.67 11.56

Methyl linoleate 8.39 14.53

Methyl linolenate 20.62 29.27

Methyl licanate 2.28 2.27

The U/S index (unsaturated/saturated acids) is 1.5 and the ratio linolenate/li-

noleate is 2.45 for S. adamovicii [ili} and 2.0 for S. fukarekii, while for the nutlet

lipids of 11 species of Satureja genus the U/S index ranges from 10.0 to 22.8 and

the average linolenate/linoleate value is 4.4 (ranging from 4.9 to 3.2).6

From our results, it may be supposed that the fatty acid composition, U/S and

the linolenate/ linoleate index of the ground part of plant may serve as taxonomic

markers, as well as for the nutlet lipids.
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The pentane extracts of the dry aerial parts of S. adamovicii [ili} and S.
fukarekii [ili} were found to contain 2.03% and 1.54% of residue, respectively
(calculated per weight of dried plant material). The yield of the hydrocarbon
fractions, calculated per weight of dry residue of pentane extracts, were 3.03% and
2.60%, respectively, for S. adamovicii [ili} and S. fukarekii [ili}.

The separated hydrocarbon fractions of the pentane extracts of S. adamovicii

[ili} and S. fukarekii[ili} showed IR bands,ν
max

cm
�1, at 1450 (�CH3), 2853�2962

and 720�750 (�CH2�) pointed to the presence of a large number of methylene

groups. The 1H-NMR data confirmed the presence of methyl (δ 0.9 ppm) and

methylene (δ 1.25 ppm) protons. The melting interval was 63�66 ºC. The results of

GC analyses are summarized in Table II.

TABLE II. Percent composition of n-alkanes

Components
S. adamovicii

[ili}
S. fukarekii

[ili}
Heptadecane 0.58 0.92
Octadecane 1.59 0.88
Nonadecane 0.89 1.68
Icosane 0.56 1.02

Henicosane 0.56 1.34
Docosane 0.23 0.91
Tricosane 0.43 1.35
Tetracosane 0.20 1.12
Pentacosane 0.81 1.59
Hexacosane 0.49 1.41
Heptacosane 2.63 3.27
Octacosane 1.60 3.74
Nonacosane 32.55 25.59
Triacontane 2.87 2.82

Hentriacontane 26.43 14.65
Dotriacontane 2.93 2.39
Tritriacontane 10.30 5.73

The n-alkane distributions of S. adamovicii [ili} and S. fukarekii [ili} are odd
carbon dominant, maximizing at C-29 (32.55% and 25.59%, respectively) with a
Carbon Preference Index (CPI) of 7.2 and 3.7 and an Average Chain Length (ACL)
of 25.44 and 19.78, respectively.

A survey of the literature reveals that there are some differences between our
results and those published erlier.5

Acknowledgment. We thank the Ministry of Science and Technology of Serbia for financial

support and NSF (OC6-9415568).
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Ispitivane su masne kiseline i alkani vrsta Satureja adamovicii[ili} i Satureja
fukarekii[ili} metodomGC. Utvr|eno je da kod obe vrste preovla|uju nezasi}ene masne
kiseline. Najzastupqenije masne kiseline su: palmitinska, oleinska, linolna i li-

nolenska. Tako|e je utvr|eno da su zastupqeni alkani od C17 do C34 sa nonakozanom i

henetriakontanom kao najzastupqenijim komponentama.

(Primqeno 30. oktobra 1998, revidirano 4. februara 1999)
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Starting from 3-benzyloxy-17-hydroxy-16,17-secoestra-1,3,5(10)-triene-16-ni-

trile (1b), 17-tosylate 2b and also 17-chloro-, 17-bromo- and 17-iodo-derivatives 4b,

5b, and 6b,were obtained. The fluoro-derivative 3bwas obtained from 2b in the reaction

with tetrabutyl ammonium fluoride. The deprotection of the 3-hydroxyl group was

achieved by action of hydrogen in presence of Pd/C as a catalyst, yielding six new

3-hydroxy-16,17-seco-estrone derivatives.

Key words: 3-hydroxy-16,17-seco-estrone derivatives, halogeno steroids, hydro-

genolysis.

We previously synthesized a series of 3-methoxy-16,17-seco-estrone deriva-

tives, which in biological tests performed on experimental animals showed a

complete loss of estrogenic activity, with most of them demonstrating a pronounced

antiestrogenic action.1,2 However, the presence of the 3-methoxy funciton pre-

vented us from investigating the mechanism of their biological action. Namely, it

is known that antiestrogens (steroidal or nonsteroidal) act at the level of estrogen or

progesterone receptors, whereby the presence of a free hydroxyl group at the

aromatic moiety in the tested molecule is necessary.3

All attempts to deprotect the phenolic function in the synthesized derivatives

led to the formation of various by-products, resulting, therefore, in low yields of

derivatives bearing a free hydroxyl function at C-3.4

We presumed that this obstacle could be overcome by synthesizing 3-benz-

yloxy-16,17-seco-estrone derivatives, followed by hydrogenolysis of the benzyl

ether function.

RESULTS AND DISCUSSION

As the starting compound we selected 3-benzyloxy-17-hydroxy-16,17-se-

coestra-1,3,5(10)-triene-16-nitrile (1b, Scheme1),whichwas obtained fromestrone
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in four steps, applying a known synthetic route.5 Treating the secocyanoalcohol 1b

with p-toluenesulfonyl chloride afforded tosylate 2b, which upon action of

tetrabutyl ammonium fluoride in refluxing methyl ethyl ketone gave the 17-fluoro

derivative 3b in 70.4%yield. The chloro4b and bromo 5b derivativeswere obtained

from 1b, under the action of thiphenylphosphine in the presence of carbon tetra-

chloride, i.e., tetrabromide.6 On the other hand, the iodo derivative 6b was formed

in the reaction of 1b with iodine, triphenylphosphine and imidazole in toluene at

reflux temperature.7

Deprotection of the 3-hydroxyl function was performed by hydrogenolysis at

room temperature and low hydrogen pressure, using Pd/C as catalyst. High yields

of 3-hydroxy-16,17-seco-estrone derivatives were obtained, except in the case of

the iodo derivative 6b. Therefore, 3-hydroxy-17-iodo-16,17-secoestra-1,3,5(10)-

triene-16-nitrile (6a) was prepared from 3-hydroxy-17-p-toluenesulfonyloxy-

16,17-secoestra-1,3,5(10)-triene-16-nitrile (2a), by the action of tetrabutyl ammo-

nium iodide.

EXPERIMENTAL

Compound 1a. Yield 40.8%, m.p. 198�199 ºC. IR-spectrum: 3600�3100, 2920, 2250, 1620,

1505, 1230, 1020.
1
H-NMR-spectrum (acetone-d6): 0.92 (s,3H,CH3); 3.28 (dd, 1H, Ha�C-17,

Jgem=11.06Hz, JHa,OH = 5.09Hz); 3.55 (dd, 1H, Hb�C-17, JHb,OH = 5.12Hz); 6.62�7.12 (group of

signals, 3H, arom.protons); 8.04 (s,1H, HO�C-3).
13
C-NMR-spectrum (acetone-d6): 15.79 (C-15);

16.44 (C-18); 71.08 (C-17); 120.87 (C≡N); 156.06 (C-3). Mass spectrum: 343 (68; (M+i-Bu)
+
); 342

(100; (M+i-Bu�1)
+
); 303 (17); 286 (87; (M+1)

+
); 285 (38; M

+
); 268 (17; (M+1�H2O)

+
).

Compound 2a. Yield 93.94%, m.p.138�140 ºC. IR-spectrum: 3500, 2920, 1600, 1500, 1450,

1375, 1310, 1180, 940, 670, 550.
1
H-NMR-spectrum (acetone-d6): 0.95 (s, 3H, CH3); 2.50 (s,3H,CH3

Scheme 1.
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from Ts); 2.65 (dd, 2H, C-15); 3.80 (d,1H, Ha�C-17); 4.07 (d,1H, Hb�C-17, Jgem=10.01Hz); 6.60�

7.81(group of signals, 7H, arom. protons); 8.05 (s,1H, HO�C-3).
13
C-NMR-spectrum (acetone-d6):

15.77 (C-15); 15.92 (C-18); 26.66 (CH3 from Ts); 38.78 (C-17); 77.48 (CH2�OTs); 120.13 (C≡N);

156.16(C-3). Mass spectrum: 497 (28; (M+i-Bu)
+
); 496 (88; (M+i-Bu�1)

+
); 440 (7; (M+1)

+
); 323

(100). Anal. Calcd. for C25H29NO4S: C, 68.32; H, 6.65; N, 3.19, S, 7.28. Found: C, 67.87; H, 7.02;

N, 3.10; S, 7.67.

Compound 3a. Yield 47.22%, m.p. 182 ºC. IR-spectrum: 3600�3100, 2920�2880, 2250, 1620,

1505, 1450, 1215, 1000, 940, 620.
1
H-NMR-spectrum (acetone-d6): 0.97 (d, 3H, CH3, JH,F=2.34Hz);

2.47(dd,1H, Ha�C-15); 2.68 (Hb�C-15); 4.19 (dd, 1H, Ha�C-17, Jgem = 9.53Hz, J17a,F=47.37Hz); 4.41

(dd, 1H, Hb�C-17, J17b,F=48.51Hz); 6.60�7.13 (group of signals, 3H, aromatic protons); 7.99 (s,1H,

HO�C-3).
13
C-NMR-spectrum (acetone-d6): 14.85 (d, C-18, JC,F=6.29Hz); 17.76 (C-15); 91.18

(d,CH2�F, JC,F=173.60Hz); 120.41 (C≡N); 156.14 (C-3). Mass spectrum: 288 (100; (M+1)
+
); 199

(72); 133 (52); 107 (48).

Compound 4a. Yield 78.9%, m.p. 196�198 ºC. IR-spectrum: 3600�3100, 2930�2860, 2250,

1605, 1500, 1450, 1290, 1225, 740.
1
H-NMR-spectrum (acetone-d6): 1.08 (s,3H, CH3); 2.38 (dd,1H,

Ha�C-15); 2.62 (dd, 1H, Hb�C-15); 3.42 (d,1H, Ha�C-17); 3.59 (d,1H, Hb�C-17, Jgem=10.95Hz);

6.60�7.18 (group of signals, 3H, arom. protons).
13
C-NMR-spectrum (acetone-d6): 15.28 (C-15);

18.13 (C-18); 54.51 (CH2�Cl); 118.97 (C≡N); 153.66 (C-3). Mass spectrum: 362 (64; (M+i-Bu)
+
);

361 (98; (M+i-Bu�1)
+
); 360 (100; (M+i-Bu�2)

+
); 346 (16); 304 (27; M

+
). Anal. Calcd. for

C18H22ClNO: C, 71.16; H, 7.30; N, 4.61. Found: C, 71.06; H, 7.20; N, 5.39.

Compound 5a. Yield 88.3%, m.p. 212 ºC. IR-spectrum: 3400, 2920, 2250, 1605, 1500, 1240.
1
H-NMR-spectrum (acetone-d6): 1.08 (s,3H, CH3); 2.52 (dd, 1H Ha�C-15); 2.75 (dd, 1H, Hb�C-15,

J15a,15b=18Hz, J15a,14=4.1Hz, J15b,14=5.1Hz); 3.63 (dd, 2H,CH2�Br, Jgem=10.7Hz); 6.55�7.13 (group

of signals, 3H, arom. protons); 8.12 (s,1H,HO�C-3).
13
C-NMR-spectrum (acetone-d6): 15.47 (C-15);

17.99 (C-18); 47.05 (CH2�Br); 120.31 (C≡N); 156.07(C-3). Mass spectrum: 349 (97; (M+1)
+
); 348

(27;M
+
); 347 (100; (M�1)

+
); 198 (70). Anal. Calcd. for C18H22BrNO: C, 62.08; H, 6.31; N, 4.02.

Found: C, 61.97; H, 6.26; N, 3.93.

Compound 6a. Yield 85.5%, m.p. 188 ºC. IR-spectrum: 3500, 2920, 1610, 1550, 1440, 1290,

930, 870, 610.
1
H-NMR-spectrum (acetone-d6). 1.13 (s,3H, CH3); 2.50 (dd, 2H, C-15); 3.50 (CH2�I);

6.56�7.10 (group of signals, 3H, aromatic protons); 8.07 (s, 1H, HO�C-3).
13
C-NMR-spectrum

(acetone-d6): 15.51 (C-15); 17.99 (C-18); 25.48 (C-17); 120.21 (C≡N); 156.06 (C-3). Mass spectrum:

396 (62; M
+
+1); 395 (100; M

+
); 268 (42; M

+
�1I); 133 (49).
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Polaze}i od 3-benziloksi-17-hidroksi-1,3,5(10)-trien-16-nitrila (1b), dobijeni
su 17-toziloksi derivat 2b, odnosno 17-hloro, 17-bromo i 17-jodo derivati 4b, 5bi 6b,
dok je 17-fluoro derivat 3b dobijen u reakciji 2b sa tetrabutil amonijum fluoridom.

Uklawawe za{titne grupe sa S-3 izvedeno je dejstvom vodonika u prisustvu Pd/C, pri
~emu je dobijeno {est novih 3-hidroksi-16,17-seko-estronskih derivata.

(Primqeno 14. maja 1998, revidirano 16. februara 1999)
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