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2.1 .Introduction of the study of the stability of ternary complexes.

It is evident from the discussion in earlier chapter that the electronic 

characterstics ot the ligands decide the nature of M-L interaction and hence play 

a major role in stabilizing the ternary complexes.

it had been recognized several years ago that the presence of an aromatic 

amine is crucial for high stability of a ternary complex[ lj. This has been repeatedly 

confirmed2-9i and was attributed to T back bonding from the metal ion to the 

aromatic amine[it 5} 9,]. If a complex MA is considered, where A is a tertiary 

diimine like 2,2' - .bipyridine, N —M <r bond formation results tn the shift of electron 

density from ligand to metal. Because of the increase in’ electron density over

the metal ion, it behaves as a better V electron donor. The tertiary diimine 

having vacant ir antibonding orbitals can behave as a better rr acceptor on donation 

of N electron pair to the metal ion. This facilitates rr bond formation between 

the filled drr orbitals of the metal and vacant rr antibonding orbitals over 

the diimine ligand. Thus, there is synergic stabilization of N M a-bond and 

M A rr bond. The d^ - p^ interaction does not allow the electron density

over the metal ion to increase signiticantly. In other words the electronegativity
of IMA]"*" is almost same as [ M (I-LG) ] and hence K^. K^. ,

case of [ M bipy L ] type of complexes where L = anion, the effect of 

7f bonding, less electrostatic repulsion and charge neutralization favours the 

formation of [ M bipy L J than [ ML£ ]•

The M —► A rr interaction results m the shift of tt electron density from

metal to ligand. This results in an increase in class A character of a translation

metal ion on coordination with a tertiary diimine. This brings* in discriminating
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behaviour[5, 10—12 jin MA towards the secondary ligand L coordinating through 

N-N, N-0 or 0-0, as observed by Sigel and coworkers[5,lC>]and Bhattacharya 

and coworkerffll,]2). The effect Js more significant in the complexes of copper 

(If) and the value of A log K in [ • Cu A 0-6 ] complex is positive |0,ll](Table 

1.2 }.

According to Sigel the higher stabilization in( Cu A 0-0] can be attributed
2+to two reasons, (1) The distorted octahedral structure of [ Cu (f^Og] , due to

Jahn-Teller effect[ 5j, gets some what more distorted towards a square planar 

structure on coordination with a strongly coordinating bipyridyi ligand, and creates 

the right geometry for the coordination of a second ligand in the square plane. 

Another explanation is in terms of the "cooperative effectsfe, 8, 13 ] between 

the rr orbitals of the two ligands [14] mediated through the metal drr electrons. 

The overall delocalization is supposed to stabilize the ternary complex to a greatei 

extent.

Positive value o-f a log K in f Cu (bipy) (malonate) ][5, 12, 15 1 and less 

negative values of a log K in Cu (bipy) L with L = N-0 ligand like glycine 

[12], does not support the "cooperative it interaction" because malonate or 

glycinate are only er bonding ligands. Bhatthacharya and coworkers have shown 

that the interligand ir interaction mediated through metal ion, is not so significant 

and have extended an alternate explanation in terms of electron repulsion [12, 16, 17.1 

In the formation of binary complexes, there is repulsion between the metal ,drr 

electrons and the additional lone pairs of electrons present over the 6-6 coordi­

nating ligand. In the ternary complex, M -* A ir bonding reduces the electron 
density over the metal ion and hence the lone pair of electrons over L. has to
face less repulsion while combining with MA 2+than with the free metal ion.

The effect is maximum m case of 0-0“ coordinating ligands like pyrocatecholate
ion with lone pair of electrons over both O. This results m k ^ipy >

Cu bipy cat
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K or the positive value of A log K U-J*
Cu cat r °

Basic understanding of the above observation has pointed out that (1) 

the tt acidity of a tertiary diimine ligand has utmost importance in deciding the 

preference of the metai tor a second ligand with specific characteristics. Hence, 

the substituents over A which are not involved in coordination but which affect 

the tt acidity of the ligand should be expected to have effect on the stability 

of the ternary complex. (2) The substituents on the secondary ligands which 

alter the basicity or electron density over the coordinating site should also have 

influence on the stability of the complex.

It was concluded on the basis of the observation mqde by various groups 

of workers that the stability of the ternary complex depends crucially on the 77 - 

accepting qualities of the hetero aromatic N base [8, 17, 18]. The influence of 

the TT acceptor capability of the amine can be .seen in Table]2,1.1.]. Electronic 

spectra, ESR parameters [13] and CD studies [19] have provided further evidence 

for 7r back bonding and the transmission of electronic effects through bonding 

orbitais in mixed ligand complexes] 20, 21].

Study of M (dpx) (pyrocatecholate) complexes] 223 of the later members 

of the first transition series where dpx = bis (2-pyridyl) amine (dpa), bis (2-pyridyl) 

ketone (dpk) or bis (2-pyridyl) methane (dpm) hps shown that the tendency for

the formation of ternary complexes decreases within the series dpk > dpm > dpa.
2This is because dpk with >C = O having sp hybridized carbon and electron with­

drawing mesomeric effect can act as the best tt accepting ligand among the 

three ; where^as dpa with electron releasing > NH group has least w accepting 

tendency and hence it forms least stable complexes.
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Table 2.1.1

influence of the tt acceptor capability of the amine in 

{amine) Cu (pyrocatecholate) complexes) Rei.8j ; 1=0.1, NaCIO, ; 25°C.

Amine

Ligand A log K log X pKi-igA. pK'HA.

2,2' - Bipyridyl + 0.43 6.15 - 0.2 4.49

4 - (2'-pyridyl) imidazole + 0.11 5.47 1.33 5.49

2 - Picoly 1 amine - 0.11 4.64 2.05 8.70

4 - Ammomethylimidazoie - 0.35 3.46 4.73 9.35

Ethyienecliamme - 0.76 2.65 7.10 9.89
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In another series of tertiary dnmmes, Bhattacharya and coworkers [ Hf 12] 

[17, 23j have observed that the tendency of mixed ligand formation follows the 

order 2(2'-pyridyl) benzimidazole > 2,2'-bipyndyl « 1,10-phenanthrohne > 2{2'-pyndyl) 

irnadazoline. Because of the benzimidazole part which is a better tt acceptor 

than pyridine Cu -*-A tt mtraction is greater m the complexes containing 2{2'-pyridyl) 

benzimidazole. This results in greater stabilization of the ternary complex. The 

saturated imidazoline ring in 2(2'-pyridyl) imidazoline can not have V interaction 

with the metal ion and hence results in less stable ternary complex. Similar 

observations have been made in the series of complexes consisting of 2,2'-bipyridyt, 

1, JO-phenanthroline and 5-nitro-1,10-phenanthroline as primary ligands [ 24j- 

(Tabie 2.1.2).

The substituents over the secondary ligands, though not coordinated with 

the metal ion, also influence the stability of the ternary complex. The complexes 

containing aromatic amines and pyrocatechoi derivatives have been studied by 

Bhattacharya and coworkers [23,24 ] and also by Sigel and coworkers [ 25l Some, 

typical results are summarised in Table [2,1.3. ]• The effect of bipyridyi analogues 

has also been studied on the stability of ternary complexes involving copper (II) 

and substituted o-hydroxy aldehydes. Both groups conclude that the electron density 

over the ligand (L) with 0-0 as donor site has significant influence on the stability 

of the ternary [ Cu A L ] complexes. Electron withdrawing substituents on L 

lower the stability of the complex and electron donating substituents increase 

it.

For further investigation of the eflect of substituents and nature of 

both the primary and the secondary ligands on the stability of ternary complexes, 

three series of complexes have been consideied in the present work. One series



Table 2.1.2

Stability content;, of ternary complexes.

(tertiary dnmine) Cu (pyrocatecholate) [Ref. 23,24], 50% aq. dioxane 

I = 0.2, NaC104 ; 30°C.

Tertiary diimme

Ligand Log K A Log K

2,2' - Bipyridyl 13.60 + 0.80

1,10 - Phenanthroline 13.48 + 0.68

5 - Nitro - 1, 10 - Phenanthroline 13.76 + 0.96

Bis (2 - pyridy) amine 13.58 + 0.78

Di - (2 - pyridy) ketone 14.65 + 1.85

2, (2' • pyridyl) benzimidazole 14.12 + 1.32

2, (2' - pyridyl) imidazoline 12.33 - 0.47
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Table 2.1.3

Stability constants ol 

50% aq. choxane , 1 = 0.2,

Ligand L

Pyrocatechoi

Tiron

Protocatecbuic acid 

Pyiogallol

1,8 - Dihydroxy naphthalene 

2,3 - Dihydroxynaphthalene 

Catechol aldehyde 

Dopamine 

Adrenaline

- bipyridyl) L [ Ref. 23,24 ] ;

Log K A Log K

13.6 + 0.80

14.39 - 0.02

15.04 - 0.37

15.04 - 0.52

9.05 - 1.52

14.92 4 0.37

14.13 < 0.28

13.94 - 0.06

15.27

ternary complexes Cu (2,2 

NaCIO^; 30°C.

0.61
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l 5consists of substituted o-hydroxy aromatic aldehydes ( L -L ) as secondary ligands,
6 9second series involves derivatives oi bidentate j3~ketoamlides { L -L } and the

third consists of the amides derived from salicylic acid ( L^-L^ "^ie primary
1 2ligands used are bis (2-pyridyl) amine { A ) and 5- mtio-1,10-phenanthrolme ( A ). 

The results have been compared with the earlier reports with corresponding 

2,2'-bipyridyl and 1,10-phenanthrohne systems. The solution stabilities have also 

been correlated with the electronic spectra of the complexes.

0
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2.2 Experimental.

Chemicals • The ligands bis (2-pyridyl) amine ( Fluka AG), 5-nitro-1,10-phenan-

throhne (Sigma), acetoacetanihde, acetoacet-o- toluedide, acetoacet-o-amsidide

( C and C chemicals division, New York). Salicylarmde (Riedel) and salicylanilide

(I3DH) were of A.R. grade. All these reagents were used as received. Salicyi-
*

aldehyde which was reagent grade, was purified by distillation. 1,4 - Dioxane 
was purified according to the literature methodM prior to use as a solvent m

potentiornetrie titrations.

Synthesis of ligands •

5-Niiro Sahcylaldehyde was prepared by the method of Dandegaonkar and shet 
27, m.p. 127°C (Reported 126-127°C).

5-Bromosahcylaldehyde was prepared by low temparature (< 5° C ) brommation 

of sahcylaldehyde by liquid bromine m acetic acid. The product was separated 

after addition of the reaction mixture to cold water and reerystallised twice from 
ethanol ; m.p. I07°C (Reported^] i05-107°C).

5-Bromosahcy!amide was prepared by the brommation of salicylarmde with N-bromo- 

succinimide m DMF, susequent treatment with water to remove succinic acid and 
recrystallization Irom petroleum ether (40-60°). m.p. 232°C (Reported^ 291232° C). 

Benzoyl acetanilide was prepared according to the literature method[30]. rn.p, 
106° (Reported 106-106.5°C).

*

Here onwards through out the text, the term dioxane reters to i, 4-dioxane.
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Copper perchlorate was prepared from analytically pure copper carbonate 

by treatment with 70% perchloric acid (A.R.). The resulting solid was vacuum 

filtered, washed with ethanol till it was free from excess acid and recrystalhzed 

several times from ethanol. (Copper perchlorate is partially soluble in alcohol).

Stock solution of copper perchlorate, perchloric acid, sodium hydroxide 

and sodium perchlorate were all prepared in (carbonate free double distilled) 

deionized water. Copper perchlorate solution was standardized by complexometric 

titration with standard EDTA solution using pyrocatechol violet as indicator [31], 

Sodium perchlorate solution was prepared from analytically pure monohydrate. 

Carbonate free sodium hydroxide solution was prepared according to the literature 

method [32] and standardized by potentiometric titration with standard oxalic 

acid solution. Standard perchloric acid solution was prepared from A.R. 70% acid 

by proper dilution and titration with standard alkali.

Fresh solution of ligands having appropriate concentrations were prepared 

every time from the pure compounds in purified dioxane.

Potentiometric determination of the stability constants *

lrving-Rossotti titration technique [33] and its extension [9] m the 

cases oi ternary complexes has been used to determine the preliminary values 

of the protonation constants oi the ligands, lormation constants of binary complexes 

and the formation constants of the ternary complexes.

The solutions containing appropriate amounts of standard perchloric acid,

sodium perchlorate and ligand and metal solutions were titrated, potentiometricaliy,

against standard (0.20 M) sodium hydroxide solution. In all the cases acid
-2concentration was kept 2.0 x 10 M and the total ionic strength (I) of the
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solutions was maintained at 0.2 M with the help of standard sodium perchlorate

solution. For the determination of protonation constants of the ligands, ligand 
-3 -3soultions of 2,0 x 10 or 5.0 x 10 M concentrations were used, where as

for the determination of the formation constants of the binary complexes the
2+ -3 -3solutionshaving [ 1VI ] = 1.0 x 10 M and [ LH J = 5.0 x 10' M were used.

2+Solutions containing M and primary and secondary ligands in 1:1:1 ratio, concen-
_3tration of each being 1.0 x 10 M, were titrated for determining the formation 

constants of the ternary complexes. Medium tor all the titrants was 50% (v/v) 
aqueous dioxane and the temparature was maintained at 30 i 1°C during the

progress ol the titrations.

The titrations were carried out using a digital pH meter (D1GICHEM -8201) 

having on accuracy of + 0.01 and a Toshniwal combination glass electrode.

Observed values of the p H were corrected to get the concentration of

hydrogen ion in the solution. For this pH values of standard perchloric acid 

solutions have been determined under the experimental conditions and compared 

with theoretical values. This difference takes into account liquid junction potential 

across the membrane and effect of the ionic strength of the medium! 34J. The

constant difference has been considered as correction for other titration data.

The titration data has been processed to get refined values of the forma­

tion constants using the computer program SCOGS (Stability Constants Of

Generalized Species) [35-37], which employs the conventional non-linear least-squares 

approach. For a mixture of maximum two metals A, B and two ligands S, T , 

association constants may -in principle be calculated with the program for any 

species j which can be described by the general formula.

A A BB SS TT (OH)W 
I J J J J
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Where A , B.
J J

Sj , are positive integers , or zero , and is a positive

integer (for a hydrolyzed species) , zero , or a nagative integer (for a protonated 

species). The calculated practical overall formation constant JB. can be given 

by the expression

1 Aaj ^ % Tt, (0H) wj '

[A] 1 [B]J [sf lTlTj {oHjWj

Where Square brackets [ ] denote concentrations , and braces { } denote

activities.

While treating the titration data with SCOGS , activity coefficient has 

been considered to be equal to l[38l and the value of the ionic product of water
i /?

in 50% (v/v) aqueous dioxane (1,419 x 1G~ )[38,391 has been used. Thus the 

constant j3^ becomes pure-concentration constant.

Both , stepwise formation of the ternary complex , as well as simultaneous 
existance of all the species LH , L , AH+ , A , Cu2+ , [ Cu A] 2+ , [ CuAg ] 2+ ,

[ CuL ) , [CuL^ i, and iCuALJ have been considered.

The results are recorded in Tables 2.2.1 and 2.2.2. pH titration curves

have been presented in Fig. 2.2.1 to 2.2.12.
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Table 2.2.1 : Stability contents of ternary complexes [CuAL] in aqueous

dioxane (i:l v/v) medium at 30°C, 1 = 0.2 M NaClO^.

Ligand HpK1 108 kc“l log PCU 
CuL2

. „CuA log K
CuAL.

A = dpa A=N-phen A=phen A=bipy

dpa 6.54 7.29 12.04

iN-phen 2.56 6.56 10.86

L1 8.55 5.92 10.15 6.03 6.43
(«•)

0.06) (+ 0.08) (4 0.1) (+ 0.07) (+ 0.04)

L2 7.68 5.29 9.16 4.66 5.38

(► 0.07) S_4 0.03) (4- 0.05) (4. 0.24) (+ 0.09)

L3
5.67 3.79 7.27 3.87 3.95

(+ 0.02) (4 0.06) (4- 0.03) (4- 0.08) ( + 0.05)

L4 7.66 6.23 11.32 6.22 6.47

(+ 0.06) (4 0.02) (4 0.04) (+ 0.04) (4 0.05)

L5 10.09 6.61 12.44 6.74 7.09

(+ 0.04) (+ 0.03) (4 0.03) (4- 0.11) (4 0.07)

L6 10.98 7.69 14.03 6.61 8.62 8.76 9.30

(i 0.20) (4- 0.07) (4- 0.08) U 0.07) (4_ 0.05) (_+ 0.03) (+ 0.3)

L7 10.27 6.85 12.06 6.32 7.85 8.00 8.46

(+ 0.06) (+ 0.06) (4- 0.09) (4 0.3) (4- 0.05) (4- 0.08) (+0.1)

L8
10.14 7.11 12.92 7.89 8.08 8.12 8.69

(4 0.03) (4 0.08) {4- 0.09) (+ 0.06) (t 0.02) (4- 0.03) (+ 0.2)
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Table 2.2.1 Contd.

9.78 7.07 12.73 7.32 8.50 8.08 8.96

(+ 0.05) (+ 0.06) (+ 0.07) !+ 0.07) (+ 0.06) (+ 0.01)

C
M

O

9.33 5.64 10.52 5.99 6.41 6.82 6.81

(+_ 0.02) (+ 0.09) {+ 0.09) (+_ 0.1) {+ 0.08) {+ 0.08) (+ 0.03)

8.55 4.54 9.09 5.40 5.54 5.72 5.72

{■i 0.01) (+ 0.08) (+ 0.04) (+ 0.09) (+ 0.06) (+ 0.08) (+ 0.09)

8.42 5.14 9„20 5.78) 5.92 5.74 5.82

(+ 0.01) (h 0.05) {+ 0.05) (+ 0.05) (+ 0.05) (+ 0.1) (+ 0.04)

(a) values m parantheses indicate standard deviation.



Table 2.2.2 1 A log K values for the ternary complexes l CuAL ]

i.igand A = dpa N - phen phen bipy

!
L 0.1 1 ► 0.51

a
«■ 0.75

t
+ 0.94

2
I - 0.63 . 0.09

B
t 0.35 + 0.60*

L3
- 0.08 + 0.16 + 0.24a + 0.42*

L4
- 0.01 + 0.24 0.62a + 0.73*

L »- 0.13 h 0.48 •* 0.96a + 1.14*

i.6
- 1.08 + 0.93 t- 1.07 + 1.61

l' - 0.53 .• 1.00 + 1.15 + 1.6!

8
1. t 0.77 . 0.97 ► 1.01 + 1.58

9
L. + 0.25 i- 1.43 1- 1.01 + 1.89

10
L + 0.35 . 0.76 - 1.18 + 1.17

1 1
L . 0.86 *• 1.00 + 1.18 + 1.18

I.'2
+ 0.64

C
O + 0.60 c 0.68

a

A log k values have been taken Horn ref. 4b.



Fig. 2.2.1.
Potenuometric titration curves of 50% {v/v) aq.dioxane solutions containing metal
ions , dpa or N-phen and salicylaldehyde (each 1.0 x 10'*5 M). Curve (1) Cu^4

2 ►+ dpa + salicylaldehyde , and (2) Cu * + N-phen + salicylaldehyde.

Potenuometric titration curves of 50% (v/v) aq. dioxane solutions containing
■3metal ions , dpa or N-phen and S-brorfio salicylaldehyde (each 1.0 x 10 M).

9+ 2 +
Curve (1) Cu“ + dpa t- 5-bromo salicylaldehyde , and (2) Cu ' + N-phen >-
5-bromo salicylaldehyde.
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Potentiometric titration curves of 50% (v/v) aq. dioxane solutions containing metal
ions , dpa or N-phen and 5-mtro salicylaldehyde (each 1.0 x 10"3 M). Curve 

2+ oH) Cu + dpa 5-nnro salicylaldehyde , and (2) Cu + N-phen + b-mtro

salicylaldehyde.

Potentiometric titration curves of 50%, (v/v) aq. dioxane solution containing metal
-3ions , dpa or N-phen and 2-hydroxy naphthaldehyde (each 1.0 x 10 tVl). Curve

2+ 2+(!) Cu + dpa + 2-hvdroxy naphthaldehyde , and (2) Cu * N-phen + 2-hydroxy

naphthaldehyde.



Fig. 2.2.5.

Potentiometic titration curves of 50% (v/v) aq.dioxane solutions containing metal
-3ions , dpa or N-phen and 2-hydroxy acetophenone (each 1.0 x 10 ' M). Curve 

2+ 9+(1) Cu + dpa + 2-hydrox} acetophenone , and (2) Cu * N-phen + 2-hydroxy
acetophenone.

Fig. 2.2.6.

Potentiometrtc titration curves of 50% (v/v) aq. dioxane solutions containing metal
* _3 2+

ions , dpa or N-phen and acetoacetanilide (each 1.0 x 10 M). Curve (I) Cu
2 +•dpa + acetoacetanilide , and (2) Cu + N-phen + acetoacetanilide.



Fig. 2.2,7.
Potentiometric titration curves of 50% (v/v) aq. dioxane solutions containing metal

-3ions , dpa or N-phen and aceioacet-o-toluedide (each 1.0 x 10 M). Curve
2+ 2^(1) Cuz+ + dpa + acetoacet-o-toluedide , and (2} Cu^' + N-phen + acetoacet- 

o-toluedide.

Fig. 2.2.8.
Potentiometric titration curves of 50% (v/v) aq. dioxane solutions containing metal
ions dpa or N-phen and acetoacet-o-amsidide (each 1.0 x 10~3 M). Curve

2+ 2 1) Cu + dpa + acetoacet-o-anisidide , and (2) Cu + + N-phen + acetoacct-
o-anisidide.
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Fig. 2.2.9.

Potentiometric titration curves of 50% (v/v) aq. dioxane solutions containing metal 
ions , d£a or N-phen and benzoyl acetanilide (each 1.0 x 10 M). Curve (1) Cu
+ dpa + benzoyl acetanilide , and (2) Cu +t N-phen -i benzoyl acetanilide.

Fig. 2.2.10.
Potentiometric titration curves of 50%'(v/V0 aq. dioxane solutions containing

-3 2+' metal ions , dpa or N-phen and sahcylamide (each 1.0 x 10 M), Curve (1) Cu
1 2+

+ dpa + sahcylamide , and (2) Cu + N-phen + salicylamide.



Fig. 2.2.11.
Potentiometric titration cutves of 50% (v/v) aq. dioxane solutions containing metal 
ions , dpa or N-phen and salicyl anilide (each 1.0 x 10 ^ M). Curve (1) Cu"^ 

dpa ^ salicyl anilide , and (2) Cu t- N-phen + salicyl anilide.

Potentiometric titration curves of 50% (v/v) aq. dloxane solutions containing metal
nions , dpa or N-phen and 5-bromo sahcylamtde (each 1.0 x 10" M). Curve

'j 2+(1) Cu^ + t dpa * 5-bromo salicylamide , and (2) Cu * N-phen ^ 5-bromo

salicylamide.
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* I

2.3 Results and Discussion.

Formation of the ternary complexes in solution can be considered in two 

ways. The metal can combine with the primary ligand A at lower pH and then

the secondary ligand starts combining with MA leading to the formation of a 

ternaiy complex. The two steps involved can be expressed as Cu + A~*CuA

and Cu A+L ^ Cu AL. Another way is to consider the pH dependant equili­

brium between all the species that can be formed as a result of various reactions

between the metal and the two ligands. Close agreement between the values

MAlog K determined by considering the stepwise formation of the complex
M M MA

and the values log p - log K ( = log K determined
* 2 +

by considering simultaneous existance of all the species , AH , A ,

[LH], L' , [ Cu2+], l CuA ] 2+, [ CuA2 ]2+ , ( CuL ] I+ ,[ CuL2 ] and) CuALl + ,

indicates that the complex formation takes place in step?. This is also evident

from the species distribution (plot of concentration of the various species) as

a function of pH (fig. 2.3.1 to 2.3.24).

As indicated by the prolonntion constants , the p-ketoamhdes are more 

basic than ^-dlketones. However, they from less stable binary complexes with 

copper. In order to explain the difference m the stabilities of the binary complexes 

of p-dlketones and j3-ketoamlides , one has to consider the nature of bonding 

of these ligands with the central metal ion. Catechol like ligands which coordinate

* 1
Please , refer Appendix 1 for the description of the terms used in the 

following discussion.

Here onwards in the text charges on the species are ..omitted for clarity.

* 2
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Fig. 2.3.1

1Species distribution as a function of pH in the solution containing Cu , A and 
L1m 1:1-1 ratio ; initial concentration of Cu^+ = 1.0 x 10 , 0.2.M [ NaClO^ ].

Concentration of [ CuL2 ] is less than 1%. Curve (i) free metal ion , 
(2) [CuAj , (3) [CuA2 ], (4) [ Cut ] , and (5) [ CuAL ].

Species distribution as a function of pH in the solution containing Cu , A2 and 
Lf m 1:1:1 ratio ; initial concentration of Cu^+ = 1.0 x 10"^M , 0.2 M [ NaClO^]. 

Curve (1) free metal ion , (2) [ CuA ] , (3) [' CuAj ], (4) [ CuL ] , (5) [ CuL2 3 
and (6) [ CuAL 3-



5 4

Species distribution as a function of pH in the solution containing Cu , A1 and 
L2m I I I ratio , initial concentration of Cu^+ = 1.0 x 10 , 0.2 M ( NaClO^j.

Curve (I) free metal ion , (2) ( CuA J , <3} 1 CuA^ J, (4) ( Cut. 1 , (5) ( CuL,; j

and (6) [ CuAt. |.

Fig. 2.3.4.

Species distribution as a function of pH in the solution containing Cu , A^and
. i) «'j

L2m i: 1 * 1 ratio , initial concentration of1 Cu^+ = 1.0 x 10"°M , 0.2.M | NaClO^ J.

Concentration of [ CuLg ] is less than 1%. Curve !1) free metal ion ,

!2) ICuA) . 13) (CuA2 ], (4) [Cut J , and (5) I CuAl. ].
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Fig. 2.3.5.

bpeeies dlstitbtuion as a function of pH in the solution containing Cu , A1 and 
L3 in I, I I ratio ; initial concentration of Cu^ » l.O.x 10 ^(Vl, 0.2 M [ NaCIO ( | 

C'oncenu ai ions of | Cul. | and jCuL.^ ] are less than 1%.Curve (1) free metal iori, 

(31 [ CuAJ , (3)1 CiiA2 1 and (-1) [CuALJ.

Species distribution as a function of pH in the solution containing Cu . Aaand 

L in 1:1 • 1 ratio ; initial concentration of Cu -- 1.0 10 M, 0.2 M [NaCIO 1
l ^

Concentrations of { CuL J and {CuL2 j are less than 1%.Curve (1) free metal ion, 

(2) ( CuA] , (3)1 CuA2 ] and' (4) [CuALJ.
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Fig. 2.3.7

Species 'iibtnbuuon as a function of pH in the solution containing Cu , and 
L m 1-1 i ratio ; initial concentration of Cu4* = 1.0 x I0'JM , 0.2 M | NaCIO j. 

Curve (I) tree metal ion , (2) [ CuA J . (3) | CuA2 J. M) | Cut ] . (5) [ CuL„ J
and (6) | CuAL |. ■ 4

Species distribution as a function ol pH in the solution containing Cu , A2 and 
L*ln I I | ratio ; initial concentration of Cu2* = 1.0 x 10"3M ] 0.2.M ( NaC104 J.

Concentration of ( CuL2 J is less than 1%. Curve (1) free metal 
(2) (CuA) , (3| f CuAg J, (4) [ CuL J , and (5) [ CuAL ]. ion ,
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Rig. 2.3.9

Species distribution as a function of pH in the solution containing Cu , *\* and

L in 1:1 1 ratio , initial concentration ol Cu 
Curve (1) free metal ion , (2) ( CuA ) , (3) { 

and (6) | CuAL j.

1.0 x 10
CuA,, (4)

0.2 M l 
CuL ] , (5)

NaCIOj.

I CuU 1

Fig. 2.3.10

S|h*( k*s distribution as a function of pH m the solution containing £u , A2 and
, s L in 1 latio ; initial concentration1'ol Cu2* - 1.0 x lO'^fvl, 0.2 M | NuClO j,-3,

Cuiu'uiiu ations of { CuL] and [CuLg ] are less than 1%.Curve (1) free metul iun, 

(2) [ C’uAj , (3) { .CuA, | and {4} { CuAL J.
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Fig. 2.3.11

Species distribution as a function of pH in the solution containing Cu , A1 and 
L6 in 1:1:1 ratio , initial concentration of Cu2+ = 1.0 x 10~3M , 0.2 M ( NaClO^J. 

Curve U) free metal ion , (2) [ CuA 1 , {3} [ CuA2 ], (4) [ CuL ] , (5) ( CuL„ ] 

and {6} (CuAL J.

50 50 7-0 8-0
pH-------- ►

Species distribution as a function of pH in the solution containing Cu , A2 and 
Lsin 1:1:1 ratio ; initial concentration of Cu2+ = 1.0 x 1Q~3M, 0.2 M ( NaClO^ ], 

Concentrations of [ CuL] and [CuL2 ] are less than 1%. Curve (1) free metal ion, 

(2) [ CuA], (3) [ CuA2 ] and (4) [CuAL].
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Fig. 2.3.13 pH *■

Species distribution as a function of pH in the solution containing Cu , A1 and 
l7m i-1 I lauu . initial concentration of Cu3+ = 1.0 x 1Q~3M , 0.2.M [ N'aClO. j.

4
Concentration of t CuL2 ] is less than 1%. Curve (1) free metal ion ,
(2) [CuA] , (3) |CuA2 ], (4) [ CuL ] , and (5) ( CuAL ].

Fig. 2.3.14

Species distribution as a function of pH in the solution containing Cu , A2 and 
L* m 1:1.1 ratio ; initial concentration of* Cu2+ = 1.0 x I0~3M, 0.2 M ( NaCIO^ J. 

Cone durations of [ CuL | and fCuL.j J aio less .than 1%,Curve (I) free metal ion. 

(2)( CuAJ , (3)1 CuA.2 ] and (-1) l CuAl-J.



Species distribution as a function of pH in the solution containing Cu , A2 and 
L8 in 1:1.1 ratio ; initial concentration of Cu2+ = 1.0 x IQ”3M, 0.2 M [ NaCIO^ ]. 

Concentrations of [ Cut ] and [CuLg J are less than 1%.Carve !l) free metal ion, 

(2) { CuAJ , (3) { CuAg ] and (4) [ CuAL J.

60

Fig. 2.3.15

Species distribution as a function of pH in the solution containing Cu , A and 
l8sn 1.11 ratio ; initial concentration of Cu2+ = 1.0 x 10 3M, 0.2 M [ NaCiO^ ). 

Coin cat rations of ( CuL ] and [CuL<2 | are less .than 1%.Curve (1) free metal ion.

(2)| Cu<\J . (3)t CuA., 1 and t*1) 1 CuAL J.

S
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Fig. 2.3.17
A

Species distribution as a function of pH in the solution containing Cu , A and 
L3in 1:1:1 ratio ; initial concentration of Cu^+ = 1.0 x 10 0.2 M ( NaClO^ j.

Concentrations nl f Cu!. ) undjCuL^] aiu less .than 1%.Curve U) frqe motal ion, 

(2) { CuA) , !J)( CuA2 ] and (•!) ICuALJ.
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Fig. 2.3.18

Species distribution as a function of pH in the solution containing Cu , A2 and 
L3 in 1:1:1 ratio ; initial concentration of Cu^+ - 1.0 x lO’^M, 0.2 M ( NaClO^ ]. 

Concentrations ol [ CuL j and (CuLg ] are less than i%.Curve (1) free metal ion, 
(2)} CuA], (3»[ CuA2 J and (4) [CpALj.
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Fig. 2.3.19

Species distribution as a function of pH in the solution containing Cu , A1 and 
L10iri l:hl ratio ; initial concentration of Cu^+ = 1.0.x 10~^M, 0.2 M [ NaCIO^ ]. 

Concentrations ol [ CuL] and fCuL^ ) are less than 1%.Curve (l) free metal ion, 

{2) | CuAJ, (3)[CuA2 ) and [CuALJ.

Fig. 2.3.20

Species distribution as a function of pH in the solution containing Cu , A2- and 
,L1°in 1:1:1 ratio ; initial concentration of Cu^+ = 1.0 x 1Q"^M, 0.2 M [ NaClO^ J. 

Concentrations of f CuL) and [CuL9 ] are less .than 1%, Curve (1) free metal ion, 

(2) i CuAJ, (3}[CuA2 J and (d) ( CuALj.
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Spet ies distribution as a function of pH in tlie solution containing Cu , A1 and 
L^in l I f ratio ; nmiul concentration of Cu'^+ *» 1.0 x 10 0.2 M [ NaClO^ j.

Concent i at ioiib of | Cut) and {Cul^] are loss than 1%. Curve (1) free metal ion, 

(2) ( (’ u Aj , (3)| CuA2 1 and (4) ( CuAL).

Fig. 2.3.22

Species distribution as a function of pH.m the solution containing Cu , A1 am! 
Li1m l 1:1 ratio ; initial concentration of Cu^+ = 1.0 x 10 0.2 M [ NaClO ^ j.

Concentrations ol ( Cui. J and (CtiL,, ] are less .than 1%.Curve (l) free metal ion, 

(2)1 CuAJ , (3){ CuA2 ) and (-1) [ CuAL ],
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Fig, 2.3.23

40 S-0 w

Species distribution as a function of pH in the solution containing Cu , A1 and 

L^m !• I 1 ratio ; initial concentration of Cu~* = 1.0 x 10 M, 0.2 M [ NaClO^ J. 

Concentrations of [ Cut | and (Cul.2 J are less than 1%.Curve (1) free metal ion, 

(2) | CuAI , (3) ( CuA2 I and (4) ( CuAL ].

Fig. 2.3.24

Species disuibution as a function of pH in the solution containing Cu , A2 and 
Lmn I I I ratio . mitul concentration of Cu^+ = I.O .x IQ ^M, 0.2 M ( NaCIO j |. 

Cum eut rat ions ul | Cut | and [CuL^ } are less than !%. Curve (I) free metal mu, 

12) | C u4| , (J)| CuA9 ) and (4) [ Cu,AC J.



through strong electron donating 0-0 sites form strong <r bonds with the metal 

ion. The <r basicity of the coordinating ligands like P -diketones with one O 

replaced by weak donor carbonyl oxygen is less than O’- O' coordinating ligands. 

However, these ligands have vacant v orbitals to accept electrons from the metal 

and the resulting complex has pseudoaromatic character[40-43], which, in effect, 

stabilizes the complex. p -ketoanilides or salicylaldehyde like ligands have O'- O 

coordinating sites with less basicity than O'- O', and carbonyl oxygen with v 

orbitals. Although, the presence of ir orbitals over the coordinating atom makes 

M —* L rr bonding possible, the delocalization of ti electron density over the 

whole chelate ring requires the contribution of a less stable resonance form, in 

which aromaticity of the phenyl ring m salicylaldehyde is destroyed. In p -ketoani­

lides +N C *0 resonance form (mesorneric electron release bv

amide N) makes the amide O less susceptible to accept electrons from the metai 

ion and hinders the delocalization of rr electrons over the chelate ring. Thus

the two classes of ligands, p- ketoanilides and salicylaldehydes, <re borderline 

cases between <r bonding ligands, like catechol with O’ - O” coordinating sites 

and 0 -0 ligands like P -diketones which have extensive v bonch'ng. Only sMgb: 

tendency of the earlier ligands to undergo TT interaction with the metal ion make 

them behave, preferentially, as <r bonding ligands. In most cases the fine tuning 

between both the cr and tt bonding characteristics of the ligands m ternary

complexes can get adjusted according to the characteristics of the other ligand

and attain the most stable state of energy.

Stability of the ternary complexes :

Formation constant values in Table 2.2.1 reveal that the ternary complexes 

of copper (II) with tertiary dnrmnes as primary ligand and 0“ - O coordinating

secondary ligand are more stable than the corresponding binary complexes of the
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ligands resulting in more positive a log K than the values expected on the basis 

of the statistical consideration (Appendix 1). In the binary complexes of the ligands 

with 0~- O sites, the ligand electrons have to face repulsion from the metal

dtt electrons thus resulting in less stable binary complex. However, in the ternary 

complex the electron density over the metal gets reduced due to M —> A vr interac­

tion and hence the ligand L realizes less repulsion while combining with [ MA]

than with free metal ion. Thus the release of repulsion in the ternary complex 

results in the greater stabilization and less negative A log K value.

Substitution on primary ligands :

Similar explanations can be extended for the order of A log K observed 

with various combinations of primary and secondary ligands. Apparently, increase 

in 7T acidity of the primary ligand should lower down the electron density over 

the metal ion to a greater extent and hence electron withdrawing substituent on 

A should result in greater stabilization of the ternary complexes. However, the

order of stabilization in the ternary complexes of salicylaidehyde derivatives and

p-ketoanihdes is observed to be quite reverse. According to Tabei 2.2.2 the

A log K values of the complexes follow, more or less the following order.

[ Cu dpa L j < [ Cu bipy L ] > ( Cu phen L ] -> [ Cu N-phen L ] . 1,10-phenan-

throline which has greater tt delocalization than 2,2'-bipyridyl acts as a stronger 

TT acid. Electron withdrawing - — NC^ group in 5-nitro-l, 10-phenanthroline

pulls the electron density from the coordinating sites and hence makes it a stronger 

TT acid than 1,10-phenanthroline. i.e. the tt acid character increases in the

order bipy < phen <- N-phen and the ' stability of the ternary CQmplexes follows 

the reverse order. This may be because greater withdraw! of electron density

by A from the metal ion makes it more of class A character which demands a
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second ligand with strong r basic sites lor coordination. The 0-0 ligands like 

salicylaldehyde or j3-ketoanilides may not be able to provide such stronger sites. 

Hence, complexes of the type [ Cu A salicylaldehydate or [ Cu A p-ketoanilide ] 

having electron withdrawing substituents like - NO2 group on A and hence greater

Cu -> A tt interaction, will be less stable. Further, [ Cu dpa L ] complexes 

which have two six membered chelate rings are less stable than [ Cu bipy L ] 

having one five membered and one six membered chelate ring [44,451 .

Substitution on Q~- Q coordinating ligands :

It is also interesting to observe the effect of the nature of substitution 

over the secondary ligand on the formation constants of the ternary complexes. 

Comparison within the series of complexes with 2-hydroxy aromatic carbonyls

{Table 2.2.2) indicates that A log K value is less positive1 for [ Cu A L 1 *
\

complexes where HL = 5-bromo or 5-mtrosalicylaldehyde than the respective 
[ Cu A salicylaldehydate ]+ complexes. This is also true for [ Cu A 2-hydroxy 

naphthaldehydate ] + complexes where a phenyl ring- is fused in the 5-6 position.

This is because of the electron withdrawing effect of the mtro-and bromo- groups 

or the fused phenyl ring. Complexes of [ Cu A ] + with 2-hydroxy aceto­

phenone, having an electron releasing methyl group as a substituent at carbonyl

carbon, are expected to be slightly more stable than their salicylaldehyde analogues 

due to the electron releasing effect of the.. CH^ group. However, in the present

study we found A log K for [ Cu A salicylaldehydate J + and [ Cu A

2-hydroxy acetophenonate ] + to be very close, probably because of the small 

electron releasing tendency of the - CHg group. These observations are in
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agreement with earlier results[46]. This can be explained on the basis of the 

electron repulsion concept. When a ligand coordinates with the metal ion through 

O" , there is Coulombic repulsion between the metal drr electrons and the extra 

lone pair of electrons on 0 . Coordination with a v bonding ligand like tertiary 

diimine (A) decreases the ir - electron density over the metal ion through metal- 

to-ligand n bonding. When a secondary ligand with 0-0 coordinating sites 

binds with [ MA ]n^ , it realizes less repulsion from the metal drr electrons

than when it binds with the free metal ion. This results in greater stability of

the ternary complex compared to the corresponding binary complex. Substitution 

over the secondary ligand will affect the electron density over the coordinating 

atom and hence stability of the complex. Observations made m the present study 

are in accordance with the expectation that the electron withdrawing group lowers 

the negative charge density over O”- O whereas an electron-releasing - CH^ group 

increases the electron density, resulting in destabilization or stabilization, respec­

tively, of the ternary complexes.

Similar trend has been observed in the order of stabilization of the ternary 

complexes containing p -ketoanilides as secondary ligands. The electron releasing 

substituents on the anilide rings of the secondary ligands increase the basicity 

of the amide N and hence increase the r basicity and decrease the n bonding 

ability of the amide oxygen. This results in less stable binary and more stable 

ternary complexes and hence more positive A log K values. However, the phenvl

substituent in benzoyl acetanilide although being electron withdrawing does not

destabilize the complex. This is because, the phenyl group (of the benzoyl part) 

decreases the basicity of 0~ without compensating the electron release and hindered 

7T electron delocalization by amide N and hence lowers the stability of the 

binary complex.
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As far as salicylamtde is concerned, it fits well in the order of stabilities 

of the complexes of other salicylaldehyde derivatives, i.e. A log K for [ Cu A 

salieylamide ] is more positive than that of the corresponding salicylaldehyde 

containing ternary complex. However, the complexes of salieylamide ligands

are rather insensitive to the substitution over the primary ligand. The Alog K 

for the complexes with different primary ligands are almost similar within the 

uncertainly range of the values. In these ligands the phenyl ring can not contri­

bute to the ir delocalization in the chelate ring without disturbing its own aromati­

city. This is combined with amide N having mesomeric electron releasing effect 

which makes >C=0 difficult to accept electrons from the metal. The two, in 

effect, destroy the tt bonding ability of these ligands m their complexes.

Electronic spectra and stability of the complexes :

Energy of the electronic transitions between the metal d oibitals 

correspond to the crystal field stabilization and hence is expected to be related 

with the stability of the complexes. The positions of the ligand field transitions 

( Vc ) observed tn the solutions of the ternary complexes (Chapter 3) in 50% 

(v/v) aqueous dioxane have been recorded in Table 2.3.1. If we consider the 

v(d-d) in binary complexes [ Cu AgJ and [ Cu Lg ] of primary and secondary 

Igands to be V, and vz, respectively, the difference between observed Vc and 

the value of the energy of the d-d transition estimated from , the average of 

Vt and will be a measure of extra stabilization or destabilization of the temary 

complex.

A V = Vc ~ i V, + Vz) J z

it is observed that aV (Table 2.3.1) has a positive value indicating that 

the ternary complex is more stabilized than expected from the aveiage field 

created by the two ligands. This supports mutual, effect of the two ligands in
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stabilizing the metal-ligand interaction. 7r interaction between the vacant IT 

orbitals of one ligand and the filled metal d -n- orbitals results in stronger <r bond 

formation between metal and the second ligand i.e. the tr antibonding orbitals 

are elevated in energy. At the same time stronger M-L cr bonding increases the 

electron density over the metal ion which favours a stronger 77 interaction with 

the other ligand. This lowers down the w bonding orbitals - which are essentially 

metal dyr orbitals - in energy. Thus, the separation between the metal d orbitals 

and hence the energy of the d-d transition increases. Spectrophotometrically 

determined A v and potentiometrically determined a log K, both are measure of 

the stability of the ternary complex and their order is comparable. However, 

there is no linear relationship. This is because A v is related only with the crystal 

field created by the ligands whereas both, enthalpy and entropy, affect A log K

values.
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Table 2.3.1 : Ligand field bands of ( CuAL J complexes in-
„ 3-150% (v/v) aq. dioxane ($ in 10 cm ).

V i n A = A1

(a)
A = A2

L CuL2 V a v b A V va n a y

a' 15.20
A2 14.28

L1 12.63 15.87 - 1.95 15.82 - 2.37
(87)^ (84)

L2 12.53 15.77 - 1.90 15.75 - 2.34

(88) (103)

L3 12.66 15.67 - 1.74 15.70 - 2.23

(86) (89)

L4 13.11 16.45 - 2.29 16.29 - 2.59

(114) (96)
5

L 12.45 16.08 - 2.26 15.87 18.11 2.505

(96) (169) (179)

6
L 15.34 16.03 25.19 0.76 15.75 19.61 0.94

(69) (210) (51) (42)

7
L 15.33 15.97 25.38 0.68 15.92 19.61 1.09

(59) (190) (61) (53)

8
L 15.20 16.00 25.32 0.8 15.95 ' 19.68 1.21

(68) (220) (61) (62)

L9 15.2^ 16.05 21.74 0.81 15.62 21.74 0.85

(70) (156) (53) (69)
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Table 2.3.1 Contd.

10
L 14.75 15.75 25.0 0.77 15.65 23.81 1.13

(83) (335) (82) , (373)

L11 14.79 15.67 23.53 0.68 15.48 23.53 0.94

(85) (371) (81) (365)

12
L 14.97 15.62 23.81 0.54 15.55 23.81 0.92

(96) (397) (88) (465)

0

(a) ^ a values have been used for the calculation of A V

(b) Molar absorbance values are given m parentheses,

(c) v in methanol.



73

2.4 References

1. H. Sigel , Chimia 1967 , 21 , 489.

2. H. Sigel : Structural Aspects of Mixed - ligand complex formation in
Solution , Metal ions in Biol. Syst. , Ed. H. Sigel , Marcel Dekker ,
New York , Vol. 2 , 1973 , p.63.

3. H. Sigel in Proc. 3rd Symp. Coord. Chem., Ed. M.T. Beck , Vol.l , 1970,
p. 191 ; Vol. II , 1971 , p.241.

4. H. Sigel and D.B. McCormick , Accounts Chem. Res. , 1970 , 3 , 201.

Jff R. Griesser and H. Sigel , Inorg. Chem. , 1970 , 9 , 1238.

6. H. Sigel , K. Becker and D.B. McCormick , Biochim. Biophys. Acta , 1967,
148 , 655.

7. H. Sigel , R. Griesser and B. Pnjs , Z. Naturforsch , 1972 , 27b , 353.

pf' , P.R. Hub'er , R. Griesser and H. Sigel , Inorg. Chem., 1971 , 10 , 945.

9. M.V. Chidambaram and P.K. Bhattacharya , J. Inorg. Nucl. Chem., 1970,
32 , 3271.

10. H. Sigel and B. Prijs , Chimia 1975 , 29 , 134.

y\< P.J. Patel , V.K. Patel and P.K. Bhattacharya , Indian J. Chem., 1982 ,
21A , 590.

12. "' P.J. Patel , V.K. Patel and P.K. Bhattacharya , Inorg. Chem., 1982 , 21,
3163.

13. "'' F.A. Walker , H. Sigel and D.B. McCormick , Inorg. Chem., 1972 , 11 ,
2756.

14. R. Griesser , B. Prijs and H. Sigel , Inorg. Nucl. Chem. Lett., 1968 , 4,
443.

Ip." H. Sigel, B.E. Fischer and B. Prijs , J. Am. Chem. Soc., 1977 , 99 , 4489.

.J'fC K. Gopalkrishnan and P.K. Bhattacharya , J. Chem. Soc. Dalton Trans.,
1981 , 543.

1„7j-'"'’ K. Gopalkrishnan and P.K. Bhattacharya , J. Chem. Soc. Dalton Trans.,
1982 , 353.



76

18. P.R. Huber and H. Sigel , Z. Naturforsch , 1972 , 27b , 1319.

j9_ R.n. Murtiu mu! R. I’nidus , 1. Inuig Nm I. Chum., 1'C-f , 86 , IddO.

S.G. Schulman , W.P. Kirloy , and H. Gershon , j. Phys, Chem., 1968, 

72 , 3372.

21. S.G. Schulman and H. Gershon , J. Inorg. Nucl. Chem. , 1969 , 31 , 2467.

B.E. Fischer and H. Sigel , Inorg. Chem., 1979 , 18 , 425.

P.K. Bhattacharya and V.K. Patel , Proc. Indian Acad. Sci. (Chem. Sei.), 
1985 , 94(3) , 495.

2J£ P.K. Bhattacharya , N.A. Emanuel and N.D. Kulkarni , Proc. Indian Acad.
Sci. (Chem. Sci.), 1986 , 97 (5, 6) , 529.

2fj// H. Sigel , P.R. Huber , R. Griesser, and 8. Pnjs , Inorg. Chem. , 1973, 

12 , 1198.

26. "Vogel's Text book of practical organic chemistry" , 4th ed., (Rev.)

B.S. Furniss , A.J. Hannaford , U- Rogers , P.W.G. Smith and A.R. Tatchell, 

Longman , London , 1978.

•27'. S. Dandegaonkar and S.G. Shet , J. Tnd., Chem. Soc. , 1965 , 42 , 323,

28. K. Auwers and O. Burger , Ber., 1904 , 37 , 3934.

29. Beilstein , X , p. 109.

30. C.F.H. Allen and W.J. Humphiett , Org. Synth., Coll. Vol. 4 , p.80-83.

31. A.I. Vogel , " A Text - book of Quantitative Inorganic Analysis" ,

3rd ed. Longman , New York , 1961 , p. 445.

32. Ref. 31 , p. 239.

H.M. Irving and H.S. Rossotti , J. Chem. Soc. , 1954 , 2904.

34. H.M. Irving , M.G. Miles and L.D. Petit , Anal. Chim, Acta , 1967 , 38, 
475.

35. l.G. Sayce , Talanta , 1968 , 15 , 1397.

36. I.G. Sayce , Talanta , 1971 , 18 , 653.

37. l.G. Sayce and V.S. Sharma , Talanta , 1972 , 19, 831.

.,38. H.S. Harned and B.B. Owen " Physical Chemistry of Electrolytic Solutions",
Am. Chem. Soc. monograph 2nd ed.,Remhold Publ, Corp. New York, 1950.



75

J}4. H.S. Harned and L.D. Fallon , J. Am. Chem. Soc. , 1939 , 61 , 2377.

4p/ M. Calvin and K.W. Wilson , J. Am. Chem. Soc. 1945 , 67 , 2003.

44. R.H. Holm and F.A. Cotton , J. Am. Chem. Soc. 1958 , 80 , 5658.
/

42. A. Forman, J.N. Murell and L.E. Orgel , J. Chem. Phys. 1959 , 31 ,

N. Serpone and R.C. Fay , Inorg. Chem. 1968 , 8 , 2379.

44^ H. Sigel , P.R. Huber and R.F. Pasternack , Inorg. Chem. 1971 , 

2226.

H. Sigel , R. Caraco and B. Prijs , Inorg. Chem. 1974 , 13 ,462.

46. P.J. Patel and P.K. Bhattacharya , J. Coord. Chem. 1984, 13 , 113.

\

1129

10


