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The complexation of copper, zinc and nickel with pyrocatechol violet (PCV) was investigated using potentiometric method. 
The ionisation of pure PCV and the formation constants of metai-PCV complexe!. are obtained from potentiometry at five 
temperatures ; 25, 3~. 35, clO and 45° in different aqueous solutions of fixed ionic strengths (1 = 0.04. 0.07, 0.11 and 0.15 mol 
dm-3 ) using NaCIO.. Thermodynamic equilibrium constants (at I =0) are also reported. The data are discussed in the 
light of structural effects, proton transformation and hydrogen bonding effects. Thermodynamic parameters associated with 
the ionisation and the complexation equlibria have been evaluated. Thermodynamic metal gradient (B) was derind to 
discuss the thermodynamic characteristics of metal ion complexes. 

Hydrogen bonding and proton transformation play 
important role1 in determining the reactivity of 
compounds containing OH, COOH and S03 
groups. ln an earlier investigation 2 , we discussed 
the effects of the functional groups on the reactivity. 
In the present communication, we selected a com­
pound which contains four OH groups and one S03 

group, namely, pyrocatechol violet (PCV). This 
would enable studying the effect of both hydrogen 
bonding and proton transformafion on its ionisa­
tion. 

Pyrocatechol violet was studied by Mushran 
et al.3 but without determination of its ionisation 
constants. Lakhani4 studied mixed ligand chelates 
of rare earth with pyrocatechol violet in aqueous 
solutions. Neilboer and McBryde 11 discussed the 
linearity between protonation constants of deriva­
tives of selected reference compounds and the 
·corresponding stability constants of these deriva­
tives with given metal using the equation, 

log KML =B log KMsL +[log KMLo 

-B log KMsLo] (1) 

However, in view of the relation between standard 
free energy change and stability or protonation 
constants, the previous equation can be expressed 
in terms of free energy, 

~GML =B 6-GKrsL +[~G.KILo -B,6.GM:sLo] (2) 

where .6.GM:L is the standard free energy of com­
plexation process at any temperature, Ll.GltsL the 
algebric summation of standard free energies for all 
protonation constants at any temperature, .6.GMLo 
the standard free energy of complexation process 
at 25°, .6.GMsLo the algebric summation of standard 
free energies of protonation constants at 25°, and 
B the rate of change of stability standard free 
·energy of complex ML at different temperatures of 
,the metal ion M with the profonation standard free 

energy of the related ligand L at different tempera­
tures, i.e. thermodynamic metal gradient. Then, 
we shaH study the linearity between £-.GML against 
6GM.sL. In this manner and by that new 
approach, we can use the values of B to discuss 
the thermodynamic characteristics of metal ion 
complexes. 

Results and Discussion 
PCV has four ionisation cons~ants (due to the 

presence of four hydroxyl groups). The potentiome­
tric data were analysed by computer using the 
following equations«~ for calculation of pK1 and 
pK., (where ~he values of pK's are not comparable, 
pK1 ~ pK,), 

pK1 =pH+log Ci- C~aOH - CH+ +CoH­
CNaOH +CH+ - CoH:. 

1 

AJ2 + ----:;-
1 +a"'BI\ 

(3) 

(4) 

where Ct is the concentration of the acid originally 
taken allowing for volume changes as a result of 
the addition of titrant, CNaOH the total concentra­
tion of standard alkali added including that used in 
the neutralisation of stronger group and CH+ the 
concentration of hydrogen ion in solution, where 

I. 

-log CH+ =pH -
AJ"!I 

(5) 
1 

l+a"BP 
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and CoH- is the concentration of hydroxide ion, 
where 

1 

-log CoH- =pKw-pH+ __ A_I_v....,.1_ (6) 
1+a0Br~ 

(pKw is the ionic product of water at the corres­
ponding temperature), I is the ionic strength of the 
solution, A and B are Debye-Hiickel constants, 
and ao is the closest distance of approach. But for 
calculation of pKg and pK3 (there is an overlap in 
pK's values), the Speakman equation' is recommen­
ded, 

!I -

K2+K.Ka= 0H+ h 
2-Ji 

(7) 

where, OH+ =log=-PH (8} 

h= CNaOH +CH+ -Oou- (9) 
c. 

where K1 and Ka are the second and third ionisa­
~ion constants. 

The stability constants of metal ion complexes 
of Cu, Zn and Ni with PCV are calculated by 
Irving-Rossotti equation 8 , 

n+ z:r Vi- n) fJ,. [L],.=O (10) 

where N is the maximum ligand number, ii the 
average ligand number which gives the mean num­
ber of ligands bound to one metal atom. ii can be 
calculated according to the equation, 

n= CumL- "L(H) [L] (11) 
eM 

in which c;(LlHl is defined as 

ct.L(H) = 1 + OH+K1 -t-aH +liK1 K 11 + ...... + 
aH•K1Ka Ka ...••. Km (12) 

where eHmL is the concentration of fully protonated 
complexant present Initially corrected at each point 
on the titratton curve for the volume change caused 
by the addition of standard alkali, eM the total 
metal ion concentration originally present in the 
titrant solution corrected for the added volume 
titrant and K1 , Ks • .... Km are the protonation cons­
tants of the ligand. [L] is the concentration of free 
cbelating species and 1t can be calculated from 

where m is number of the protons that can be lost 
on forming the metal complex, and n has the same 
connotation as 

and 
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M+nL --ML,. 

p _ [ML,.] 
,.- [M] [L]" 

(14) 

(15) 

where (M] is the metal concentration and fln the 
stability constant. 

The details of the computer programs for cal-
culating both ionisation and stability constants are 
avatlable on requesl9. 

The values of ionisation and stability constants at 
different temperatures and ionic strengths are repor-
ted in Tables 1 and 2. The calculated values 

TABLE 1-VALUES OF PK~o pKs, pK8 and pK. FOR PCV AT 
VARIOUS TEMPERATURES IN AQUEOUS MEDIUM 

pK1 PKs PKa pK, 
at 25° 
o.coo 6.198 8.493 8,878 10.967 
0.040 6.247 8.619 8.963 11.047 
0.070 6.275 8.688 9.027 11.120 
0.110 6.313 8.852 9.117 11.185 
0.150 6.367 8.927 9.186 11.269 
at 30° 
0.000 6.158 8.458 8,781 10.858 
0.040 6.207 8.579 8.876 10.929 
0.070 6.234 8.649 8.942 11.002 
0.110 6.272 8.802 9.049 11.050 
0.150 6.325 8,877 9.120 11.135 
at 35° 
0.000 6.096 8.418 8.600 10.651 
0,040 6.161 8.536 8.718 10.751 
0.070 6.193 8.610 8.785 10.826 
0110 6.275 8.757 8.938 10.929 
0.150 6.327 8.832 9.009 11.014 
at 40° 
o.ooo 6.067 8.396 8.595 10 606 
0040 6.126 8.499 8.669 10.661 
0.070 6.154 8.571 8.735 10.736 
().[10 6.212 8.691 8.801 10.752 
0,150 6.265 8.765 8.873 10.838 
at 45° 
0.000 6.028 8.364 8.546 10.522 
0.040 6.087 8.459 8.604 10.568 
0.070 6115 8 532 8.671 10.643 
0.110 6.172 8.636 8.706 10.640 
0150 6.225 8,711 8.778 10 726 

TABLE 2-VALUES OF STABILITY CONSTANTS OF PCV WITH 
Cu, Ni AND Zn A1 DIFFERENT TEMPERATURES AND 

IONIC STRENGTHS 

I 
Mabihty const.mt pfJ 

25° 30° 35° 40° 45° 
With Cu 
o.ooo 10.921 10.795 10.576 10.S44 10.454 
0.040 10.889 10.767 10 576 10478 10.372 
0.070 10.885 10.750 10.573 10 463 10.334 
0.110 10.858 10.738 10.574 10.379 10,253 
0.150 10.825 10 697 10.~73 10.338 10.179 
W1th Ni 
oooo 8.482 8.624 8,733 8.899 8.888 
0.040 8 503 8 650 8.754 8 927 8 923 
0 070 8.515 8 649 8.773 8 945 9.043 
0.110 8.507 8 648 8.795 8.919 9 089 0.150 8.554 8.697 8.812 8 997 9.108 
With Zn 
0.000 6.945 7.147 7.244 7.411 7.599 0040 7.090 7.225 ./288 7.461 7.619 omo 7.107 7.242 7 305 7.478 7.649 O.llO 7.233 7.374 7 370 7.549 7.659 0 150 7.371 7.392 7.388 7.573 7.685 
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showed ionic strength dependence and hence the 
thermodynamic ionisation and stability constants 
(pK and pfi at I= 0) can be derived from plots of 
pK or p/3 against I through the computer program. 
Inspection of the data (Table I) shows that the 
values of pK11 and pK3 are in the same range ; the 
identical value is due to the effect of isomerism as 
follows 

0 OH HO 
OH OH OH OH 

The intra-molecular hydrogen bondtog is formed 
between two previous isomers a~ follows : 

It is obvious that there are two intra-molecular 
hydrogen bonding : (i) formation of hydrogen 
bondmg between two hydroxyl groups, this hydro­
gen bond will affect on the ionisation of the two 
phenoltc groups resulting in pK1 with low value 
and pK2 wtth the highest one and (ii) formation of 
hydrogen bonding between hydroxyl group and 
quinolic group, having an effect on pK3 and pK4.. 

The stability constants, pfi. of the metal ion 
complexes of Cu, Zn and Ni with PCV are presented 
in Table 2, and the data reveal the following 
(i) The stabt!Jty constants for dtfferent metals are 
decreased in the order : Cu > Ni > Zn, whiCh is in 
conformity with the Irvtng-Wilham order•o. The 
stabilities of the Cu-complexes are usually higher 
than what could be expected from ionic radius or 
electronegativtty considerations. This additional 
stability ot the Cu•complex:es may be attributed to 
the uniqul.l electronic configuration (d 9 ) of Cu ion 
which is capable of additional stabilisation due to 
Jahn-TeJier distortion. (ii) In case of the com­
plexation of Ni with PCV, there are two stability 
constants, pfi1 and p{Jg. It is generally observed 
that p/31 ~ pfh therefore, only p/31 ts constdered 
in our dtscusston, and termed as p/3 (iti) For the 
Cu-complex, the thermodynamic stability constants 
decrease as the temperature increased. Ho\\ever, 
for the NI and Za complexe~, the thermodynamic 
stability constants increased as the temperature 
increased. Thermodynamic parameter~ /:).H 0 , t::,Gc 

JIC'S-2 

and ASo were calculated. In order to evaluate 
b,.H0 we have fitted the equation11, 

L::,G0 =RT 1nfi=A+BT+CT2 
to the ionisation or stability constant values and 
computed the optimum value of A, Band C by the 
least-squares method12, 

6.H"=A-CT 2 and 6.S"= -B-2CT (16) 
where A, B and C are cons~ants. Thermodynamic 
parameters are presented in Tables 3 and 4. 

TABLE 3-THERMODYNAIIUC PARAMETERS FOR IONISATION 
PROCESSES OF PCV AT VARIOUS TEMPERATURES 

Iorusation 
constant 

pK, 

PKa 

Temp. 
•c 
25 
30 
35 
40 
45 
25 
30 
35 
40 
45 
25 
30 
35 
40 
45 
25 
30 
35 
40 
45 

i::J.Go 
kJ mol·• 
35.357 
35.656 
35.976 
36.317 
36.680 
48.430 
49.027 
49.636 
50.261 
50.899 
50.689 
50.701 
50.926 
51.j63 
52 015 
62.610 
62.72!l 
63.C03 
63.436 
64.026 

L::J.Ho -L::J.S" 
kJ mol-1 JK moJ-1 

18.210 57.511 
16.913 61.826 
15.594 66.140 
14.254 70.454 
12.892 74.768 
13.296 117.840 
]2.454 1:!0.640 
11.598 123.440 
10.729 126.240 
9.945 129.040 

56.324 + 18.899 
43.516 23.700 
30495 66.330 
17.262 108 900 
3.815 lSI.SOO 

60.287 7.791 
so 812 39.306 
41.180 70 820 
31.190 102.334 
21.442 133.848 

TABLE 4-THERMODYNAMIC PARAME1ERS FOR CoMPLEXATION 
OF Cu, Zn AND N1 WITH PCV AT VARIOUS TEMPERATURES 

PCV Temp. L::J.60 L::J.Ho t::,.So oc kJ moi-1 kJ moJ-1 JK mol-1 
WJth Cu 25 62.250 -70.204 -26.677 

30 62.239 -55.431 22.459 
35 62 474 -40.412 11.595 
40 62 955 -25 148 120.732 
45 63 682 -9.638 169.868 

With Zn 25 39.694 48 950 297 314 
30 41.215 53 021 310 857 
35 42.803 57.161 324 400 
40 44.459 61.368 337.943 
45 46182 65 643 351 486 

With Ni 25 48 306 62.290 370 940 
30 50.065 50 805 332.740 
35 51 633 39.129 294 540 
40 53.010 27.262 256 340 
45 54197 15 205 218 140 

For ionisation of PCV, 6H 0 have positive 
values, indicating that these processes are endother­
mic. However, !::,So have negative values, which 
means that the process proceeded in the deiomsation 
direction, i.e. more ordered direction. This again is 
in harmony with the pos1tivity of 6G 0 • 

For the Cu-complcx, 6.H 0 bas negative values 
indicating that these processes are exothermtc. The 
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exothermicity decreases as the temperature inrreases. 
Entropy changes (D. S") have negative values at 2.s·, 
then it changes to positive values in the range 30-
45". i.e. as the temperature increases the process pro­
ceeds in the complexation direction. For the Zn 
and Ni complexes, t::..H" has positive values which 
indicates that these processes are endothermic. The 
endothermicity increases by temperature for Zn and 
decreases for Ni. All 8,8° values for the Zn and 
Ni complexes are positive. This in good agreement 
with the negative values of AG". 

In addition to the solvation effects, there appears 
to be a natural tendency for t::..H 0 and D.S0 terms 
to contain contributions of the same sign. Attrac­
tive forces impose constraint (b,H0 and AS" both 
negative), and the release of such forces confers 
greater freedom (t::..Ho and ~S0• both positive, for 
the Ni· and Za-complexes). This is often referred 
to as the normal compensation. But in case of the 
Cu-complexes, this fact is not completely true. 

If, on the other hand, we apply a new 
approach'8, namely, linear free energy relationship 
(LFER), then, equation (l) can be simplified as 

(17) 

where R is a constant. The plot of ~G~h against 
£:.G'MsL is linear in nature with slope B (Fig. 1). 

60 
58 
56 
M 
52 
50 

130 131 132 1331 134 135 136 137 138 139 '40 
0 

-6G'MsL 
Pig.l. Plots of L}.GML vs .t.GMsL at different temperatures: 

( 0) Cu, (D) Ni and(.) Zn. 

or variables ascribable to both the change in tern· 
perature and the change in metal ion from Ms to 
M. Accordingly, two standard reaction series 
were postulated : the one dependent only on chan­
ges in the temperature, and the other dependent 
only on changes in the metal ion. This dependence 
was represented by an exact differential in which 
B appeared as partial differential gradient. The 
values of Bare 1.254, 1.126 and 0.259 for the Zn, 
Ni and Cu-PCV complexes respectively. Inspection 
of the values of B for the complexes of PCV reveals 
that B has positive values which indicates that tbe 
change of stability standard free energy is directly 
proportional to protonation standard free energy. 
B values decrease in the following order: Zn >Ni 
> Cu, which means that the change of free energy 
for the Cu-complex is the lowest in comparison 
with the other two complexes. 

Experimental 
Pyrocatechol violet (PCV) (Sigma) was used. 

Carbonate-free NaOH (B.D.H.) solution, used as 
titrant, was prepared according to the standard 
metbod14• NaCl04 (A.R.) was used to fix the ionic 
strength of the measured solutions. Deionised 
distilled water was used for preparing all solutions. 

Potentiometric pH-titrations y,ere carried out 
using a G 104 pH-meter radiometer (calibrated 
with both phthalate buffer at pH 4 and borax 
buffer at pH 9.18)1•. 

All measurements were carried out at 25, 30, 35, 
40 anrl 45° in aqueous medium at ionic strengths 
of O.U4, 0.07, 0.11 and 0.15 using NaCIO, as 
the fixer. 
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