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THE EVALUATION OF STABILITY CONSTANTS OF 
PROTONATED MERCURY 1,2-ETHANEDIAMINE 

COMPLEXES USING ISO-CONCENTRATION 
FUNCTIONS 

MICHAL WILGOCKI 

Institute of Chemistry. University of Wrodaw, F. Joliot-Curie 14, 50-383 Wrodaw, Poland 

(Received March 30, 1987) 

A detailed study of complex formation between Hg(I1) and !,2-ethanediamine (en) and 2-aminoethyl- 
ammonium cation (enH+ ) has been performed with high initial 1,2-ethanediammonium diperchlorate 
concentrations (CenH2(CIo,,2 = 0.3333 M, 0.25 M, 0.15 M or 0.05 M) and low initial Hg(1I) concentration 
(CHg,c104)2 = 9.51 x M) in 3M (Na, H)CIO, a t  2 5 T ,  by measuring the e.m.f. of glass and mercury 
electrodes. The data for each constant level of p[en], p[enH+] and pH were treated separately by an 
iso-concentration function of complexation procedure or by a generalized weighted least-squares computer 
method. The values for the cumulative stability constants of the following complexes were evaluated: 

Keywords: Mercury, ethylenediamine, stability constants. protonation, iso-concentration functions 

INTRODUCTION 

Hg(II)-1,2 ethanediamine chelate complex formation has been studied as early as in 
1944 by Jannik Bjerrum.'.' On the basis of e.m.f. measurements with a mercury 
electrode Bjerrum' reported the value 11.71 for the logarithm of the mean complexity 
constant. In 1964 Bjerrum and Larsen' re-examined the Hg(NO,),-en-1.3 M (K', 
H + ,  Ba"), NO; system and determined in two stages the stability constants for the 
chelated and the protonated non-chelated complexes. In the first stage the flz0 value 
(for Hg(en)i + ) was determined from measurements with mercury and glass electrodes 
at relatively high concentrations (CHg2+ > 0.02-01 M, C,, > 0.05-0.5 M) and pH 
(6.8-10.45). In the second stage from potentiometric measurements at low concen- 
trations (CHg2+ = 2 x lo-, + 3.6 x M, C,, = 0.05 - 3.7 x M) and pH 
(5.47-6.3 l), the complexation function (CHg2+ /[Hg2+] = X) was calculated. Follow- 
ing the theory of reversible step  reaction^,^ from a complexation function the 
contribution deriving from the Hg(en)$ + complex was extracted and from the obtained 
set of linear equations (X-P,, [en]') the stability constants were calculated for the 
other complexes (Hg(en)2', Hg(enH)i+ and Hg(enH)3 + ) (Table I). In the meantime 
Nyman, Roe and Masson4s5 have shown polarographically that the Hg(en)i+ chelated 
complex is reversibly electroreduced at the dropping mercury electrode and have 
estimated its stability constant (for C,, = 0.02-1 M, pH = 11-12,O.l M KNO,) by the 
De Ford and Hume method6 (Table I). The existence of Hg(en):+ (for Cen > 1 M). 
and moreover the species Hg(en):+ (for C,, > 2M) is problematical, as those authors 
r e p ~ r t . ~  Independently of Nyman et Watters and Mason' have also found that 
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358 M. WILGOCKI 

mercury(II)+%hanediamine complexes are reversibly reduced at the DME (in alkaline 
solutions containing 0.004% of gelatin and 0.1 M KNO,). From potentiometric 
measurements with the mercury electrode (for CHg2+ = - M, 
C , , = 5  x 10-3 -5  x 10-2M.C,,,,,,=0.1 M,pH=3-9)WattersandMason'have 
determined the stability constants for the complexes Hg(en)2+, Hg(enH);+, 
Hg(er~)(enH)~+,  Hg(en)(OH)+, Hg(en):+, Hg(en)(enH):+ (by determinats using 
Cramer's rule, according to Sullivan and Hindman*). 

As shown in Table I.  reasonable agreement between the values of stability 
constants' - 2 . 4 -  '.' is found only in the cases of the mono- and his-(ethanediamine) 
chelate complexes, mainly due to experimental difficulties encountered in determining 
the much smaller stability constants for protonated non- and partly-chelated 
complexes. 

This paper presents potentiometric results obtained in a continuation of studies 
on the simultaneous complexation equilibria of the zinc family cations' - I '  with 
1.2-ethanediarnine or 2-aminoethylammoniurn cation in 3 M (Na,H)CIO,. On the 
basis of measurements with the mercury and glass electrodes (pH =3-7) at high total 
concentrations of 1,2-ethanediammonium diperchlorate (0.33334.05 M) with respect 
to total mercuric perchlorate ( -  M) the cumulative stability constants for 
Hg(en?+, Hg(en): t ,  Hg(enH)3+ and Hg(en)(enH)" have been determined using 
iso-concentration function procedures or direct computer methods. 

EXPERIMENTAL 

Rrqgetits trnd Appuratris 

Mercury( 11) perchlorate solution was prepared by dissolving a weighed amount of 
mercury(I1) oxide (Merck p.a.1 in a known excess of HCIO, (G.R. Merck) followed 
by dilution in boiled, triply-distilled water." As a check, the Hg(1I) concentration 
was determined either electrogravimetrically or by titration (with SCN-. using Fe3+ 
as indicator, or by titration of standard NaCl solution with the Hg(ClO,), solution 
iil question, using diphenylcarbazone as indicator',). The amount of HCIO, in the 
mercury(I1) perchlorate solution was determined by titration with standard NaOH 
solution after addition of KI (according to Qvarfort and SillenI4). Mercury (A.R. 
PoCh. Gliwice) was purified and redistilled just before use. 1,2-ethanediarnmonium 
diperchlorate, sodium perchlorate and sodium hydroxide were prepared and analysed 
as described previously." 

Glass electrodes (Radiometer G202C) or Kawai-type J-shape mercury electrodes" 
were used in combination with Kawai's reference half for e.m.f. measurements. 
Potentiometric titrations were performed (under argon) by means of an Orion Digital 
lonalyser Research Model 701 A. The titrant was delivered from calibrated Hamilton 
syringes. Polarographic measurements were performed by means of a Radelkis 
OH-I 05 polarograph and a Laboratorni Pristroje Polarographic Analyser (PA-2 
or PA-3). 

The temperature was maintained at 25 ? 0.1 -C by means of an ultra-thermostat. 
All further titration or polarographic equipment and chemicals used have been 
described previously.' O .  '' 

The main set of experimental data was obtained by titration with 3 M NaOH of 
solutions in which CHg(C,04,2 = 9.5057 x lo-, M and CenHz(C.04)r=0.3333, 0.25,0.15 or 
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360 M. WILGOCKI 

0.05 M. All solutions also contained NaCIO, = 0.3333,0.25,0.15 or 0.05 M. All solu- 
tions also contained NaCIO, of concentrations CNaCIO, = 3 - 2CenH2(a042 - ~CH~(CIO,),. 
In the absence of enH2(C10,), the Hg electrode potential in CHn(c104)2 - - 
9.5057 x lo-, M, CN,,-lo4=3.0M, CHC104=10-3 M is given by ( I )  

/K(PH = 3)) 
E i g  = Egi + 29.58 1og(CHg(C104)~ 
where 

Eii  = '& + Ej + 29.58 log f i ,  (c$ Ref. 11). 

CHglC104)r  = [IHg2'Is + [IHg:+l + [Hg(oH)+I + CHg(OH)21 + CHg2(OH)21 
+ [Hg,(OH)+] = [HgZ+],K'pH=pH) 

For a given pH the K'pH=pH) value is expressed by ( 3 )  

K I P H = P H I =  1 + 102.63 + 10-3.."5/[H+] + 10-6.21/[H+]2 + 10-2.25/[Hf] 

after substitution of the appropriate equilibrium constants (4 )  to (7) into (2). 

[Hg;'] = K t g  [Hg2+] = 102.63[HgZ+], (Ref. 12) 

[Hg(OH)+] = P:,1[Hg2f]/[H+] = 10-3.55[Hg2+]/[H+], (Ref. 18) 

[Hg(OH),] = BT.z[Hg2+]/[H+]2 = 10-6.21[HgZ+]/[H+]2, (Ref. 18) 

[Hg,(OH)+] = P:.l[Hg:+]/[H+] = 10-4.88[Hg:+]/[H+] 

- - 1 0 - 2 . 2 5  [Hg2+]/[H+], (Ref. 19) 

Hence, for CHgfCI04)2 = 9.5057 x lo-, M, CNaC1O4 = 3 M, CHc!q4 = M the constant 
K(pH=3) is 434.1 and the negative logarithm value of the equilibrium Hg(I1) concentra- 
tion (p[Hg2+],) is equal to 5.6596. 

The Hg electrode potential in the complexing medium (CHg(C104)2 = 9.5057 x 
M, Cen~2(~104)2 = 0.3333 - 0.05 M, CNac104 = 3 - 2CenH2(C104)2 - 2CHg(C104)~ ,  

3 d pH 6 7) is given by (8)-(9a) and the 

ELg = Eii + 29.58 log(CH,,,,O,),/(KfpH=pH) + (C/[Hg2'Ic))) (8) 

CHg(ClOsIr  = [HgZ+l,  + CHg:+I + CHg(OH)+I + [Hg(OH)J + CHg2(OH)+I +I 
- - [Hg2+],K'PH=PH) + L (9) 

~ ( p H = p H l  value is given by (3). The equations ( I )  and (8) give the complexation function 
of the mercuric cation, F-, with the potential ligands (en, enH+,  OH-), (10). 
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HG(II)-1,2-ETHANEDIAMINE COMPLEXES 361 

In the above equation the contribution deriving from Hg(OH),2-k, Hg,(OH)+ and 
Hg;+ was subtracted. 

To find out whether in the studied conditions polynuclear Hg(I1) complexes would 
arise the ELg and pH measurements were performed for the following 
series: CHg(C,04)2 = 4.75 x M or 3.17 x lo-, M, CenH2(C104)2 = 0.3333 M, 
CNaClO4 = 2.32 M, and CHg(,-104)2 = 1.90 x M, CenHz(C104)2 = 0.05 M, 
CNaCIo4 = 2.89 M (and the EL, measurements for three above Hg(CIO,), concentra- 
tions in 3 M NaCIO,, pH = 3). The complexation functions calculated according 
to (10) for the above three series assume the curves log Fb,, =f(pH) for 
CHg(C10s)2 = 9.5057 x lo-, M, CenHz(C,04)2 = 0.3333 M or 0.05 M, respectively (Fig. 1). 
The average deviations were 0.16 mV, 0.20 mV or - 0.25 mV, respectively (correspond- 
ing to the experimental error in the determination of ELg - ELg). It was thus assumed 
that at the concentrations studied only mononu'clear Hg(I1) complexes are present, 
and whose composition and cumulative stability constants could be determined from 
( I ] ) ,  the limiting form of (10) 

where for i =j = 0 also k = K = 0 (contribution of the hydroxo-complexes subtracted, 
pijk is given by ( I l a )  

[Hg(en)i(enH)j(OH)L2 + j  - k)]  

I J k  [Hg2 '3 [en]'[enH+]j[OH-] 
8.. = 

For pH 2 3 in (10) the (K(pH=pH) - 1) term could be replaced by K ( p H = p H ) ,  since the 
maximum error of this simplification is 0.08% (for CenH2(C10s,2 = 0.05 M) and the error 
decreases with any increase of CenH,(C103, and pH. Moreover, for pH b 4.75 the term 
(K(pHZpH) - 1) could be neglected because at this pH value the error is only 0.125 % 
and decreases with any CenHz(C104)2 and pH increase. In the enH2(C104)2 medium the 
values of the equilibrium concentration of the non-complexed Hg(I1) was determined 
from (12). 

+ P M 2  + 1 s  
Ekg - EL, p[Hg2+], = -log[Hg*+], = 

29.58 

Polarographic measurements confirmed that (12) could also be applied at high 
complexation of mercuric cation. The waves were reversible (for pH = 7-8), as 
indicated by the slope (31 mV) of the plot of the logarithmic wave analysis (performed 
according to Heyrovsky and Kuta2O). pH( = -log[H+]) was determined by glass 
electrode measurements as mentioned in our previous paper.' Equilibrium concen- 
trations of complexing 1,Zethanediamine forms were determined with the protonation 
constants ky = 1010.81, kY2 = determined previously under the same 
conditions.' 

RESULTS AND DISCUSSION 

Evaluation of Complex Compositions and Stability Constants Using Iso-concentration 
Functions 

The results of the experimental studies with respect to (11) are presented in Fig. 1 
together with the ranges of the negative logarithm of equilibrium concentrations of 
2-aminoethylammonium cation or hydrogen ion as well as 1,2-ethanediamine for the 
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FIGURE 1 Logarithm of complexation function (log F,) plotted as a function of pH. Experimental points 
with C,,,o,o,j, =9.51 x 1 0 - 4 M ,  CenHdCIO,, =0.3333M (O), 0.25M (0). 0.15M (A), 0 .05M (O), 

ranges oft he negative logarithm ofequiibrium concentrations of 2-am~noethylammonium cation, hydrogen 
ion or 1,2-ethanediamine used in the next constructions (Figs 2-6) of the particular iso-concentration 
functions are also shown. 

CH~~CIO,I! = 4.75 X 

( x  ). c,, iclo4,2 = 1.90 x 10-4 M, c cnH !ClO,j, = 0.05 
M, cenH2(CI0,)! = 0.3333 M (+), C~gl,o.)~ = 3.17 X M, Ccn~,(~10,12 = 0.333 M 

- 2cmH2iC10+,, - 2CHg(CI0,) ’ The cNaCIO, 7 
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HG(I1)-1,ZETHANEDIAMINE COMPLEXES 363 

particular iso-concentration functions, next shown in Fig. 2-6, respectively. Experi- 
mental data from each titration were the basis of the weighted least-squares computer 
treatment. The basic relations for determination of stability constants with application 
of the iso-concentration functions are discussed in Refs. 11 and 21. Here only the 
relations for the very strong complexation potentially with the three ligands en, enH+ 
and OH- will be given here. 

( i )  Iso-p/enH+ 1 Functions 

The partial derivative of the complexation function logarithm with respect to the 
logarithm of the equilibrium concentration of the chelate ligand (at constant equili- 
brium concentration of the monoprotonated ligand) gives the average ligand number 
with the chelate ligand (Eq. (13), Fig. 2a, b) 

i = N  1 i fi~"~[en]' 

F,([enH+]) + iiNBT"H[en]i' 

i = l  - - 

i =  1 

where 

k = 2  j =(M - 2 )  

k = O  j = 1  
byH = 1 BIOk[OH-lk + 1 Pljo[enH+]j, and 

k = 2  i = 2  

Not excluding a priori the possibility of existence of the octahedral complex we have 

byH = &oo and Fooo = F,([enH+]) + 1 /?;"H[en]i, N < 3, M < 2N. 
To establish the composition of complexes predominant over a given ligand 

concentration range, two partial derivatives iiLenH+, (13) and ii,,,, (19) should be 
examined at about the same concentration range. 

At very high complexation (Fig. 2a), the mean iiCenHt] values are 1.88 and 1.79 for 
p[enHf] = 2.20 = const., p[enHf] = 2.50 = const., 
p[en] = 7.40 - 6.56, respectively. Since those values are close to fi[enH+] = 2 (see Fig. 
2a), Hg(en):+ could be regarded the highest chelate complex present over the 
examined concentration range. This conclusion was confirmed by the linear depen- 
dence of the (G200)CenH+l function on ([en])-', given by Eq. (17) and shown in Fig. 3a. 

i = N  

i = l  

p[en] = 6.80 - 5.93 and 

valid for (FLoo)[enH+] >> (Fo([enH+]))[,,H+l. 

The (GzOO)IenH+l data were treated separately for each constant level of p[enH+] by a 
least-squares computer procedure. The computed flyH values, together with standard 
deviations are shown in Fig. 3b. Since the second apparent stability constant, j?yH, 
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p [en 1 

-2.25 

-2.30 

11.5 12.0 

0-7 

,140 

12.5 13.0 13.5 14.0 
p k n l  

FIGURE Z Iso-(non-chelate) functions at high (Fig. 2a) or low equilibrium 2-aminoethylammonium 
cation concentrations (Fig. 2b). For comparison, the average ligand numbers equal to 2 (-..-..-) 1 (-.-.-) 
or 0.5 (----) are also shown. Evaluation of cumulative stability constant (polo) for first non-chelate complex 
(Fig. Zc) is also shown. 
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does not depend on the equilibrium concentration of the monoprotonated ligand or 
on the equilibrium concentration of hydroxyl ion (Fig. 3b), it may be assumed that 
Hg(en):+ is the only chelated complex and that the concentrations of mixed 
(hydroxo-chelated) complexes are negligible over the high [enH + ] range. Finally, the 
following value for the cumulative stability constant for Hg(en):+ was obtained 
numerically: (bzoo f azo0) = (9.39 + 0.04) x loz5, log(/?,,, f azoo)  = 25.973 & 0.002. 

On the other hand, at low values of the equilibrium concentration of the 
monoprotonated ligand (p[enH + ] = 5.6 - 5.0, Fig. 2b), the mean nCenH value changed 
from 0.61 to 0.86, for p[enH+] = 5.6 = const., p[en] = 13.61 - 12.78 and 
p[enH+] = 5.0 = const., p[en] = 12.41 - 11.58, respectively. Hence, in that ligand 
concentration range the coexistence of two complexes should be assumed: Hg(en)'+ 
(predominant) and Hg(enH)3 + . We will demonstrate that our assumption is supported 
by analysis of iicen, values. 

From the dependence of iso-p[enH + 3 functions of complexation on equilibrium 
concentrations of chelated ligand (18), 

(18) 

the values of the non-chelate complexation function (14) and of the apparent stability 
constant (15) are obtained at various values of [enH+]. Since (F,([enH+])- 1)/ 
[enH ' 3) against [enH '1 is a straight line parallel to the abscissa (Fig. 2c) it may be 
admitted that Hg(enH)3 ' is the only non-chelated complex occuring at  measurable 
concentration under the investigated conditions. The following cumulative stability 
constant for Hg(enH)3+ was estimated numerically: 

(fl,,, +_aolo) = (6.77 f 0.21) x lo8, 

( F k ) L c n H + l =  (F,(CenH +I) )LenH*J  + bY"'[enl+. . . 

+o,,,) = 8.83 0.01. 

f i i! /so-p/en/ Functions 

The partial derivative of the complexation function logarithm with respect to the 
logarithm of the equilibrium monoprotonated ligand (at constant equilibrium 
concentration of chelated ligand) gives the average ligand number with mono- 
protonated ligand (19) Fig. 4a, b): 

J = M  

J = 1  

. -  
by = C Bizo[en]', etc. 

i = O  

At very high complexation (Fig. 4a) the mean values are 0.04 and 0.09 for 
p[en] = 5.7 = const., p[enH+] = 1.66 - 2.09 and p[en] = 6.4 = const., p[enH+] = 
2.00 - 2.43, respectively. Since in the approximately the same ligand concentration 
range the mean iilenH+, value was 1.9 - 1.8 and hydroxo-chelated complexes are not 
formed, i t  may be assumed that in this range two complexes, Hg(en)t+ and 
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14.54 

Y I ~ 

OI 
0 

14.0 

4 . 4 , 7 '  

.o 

-14.0 

-13.5 

FIGURE 4 Iso-chelate functions at high (Fig. 4a) or low equilibrium 1,2-ethanediamine concentrations 
(Fig. 4b). For comparison the average ligand number (at constant [en]) equal to 0.5 (----) is also shown; 
evaluation of cumulative stability constant, plo0. for first chelated complex (Fig. 4c). 
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Hg(et~)(enH)~', do exist in labile equilibrium. The former is predominant and the 
contribution of the latter equals 4-9%. 

On the other hand, at low values of the equilibrium chelating ligand concentration 
the mean ii,,,, value changed from 0.39 to 0.26 for p[en] = 13.3 = const., p[enH+ J = 
5.45 - 5.86 and p[en] = 12.6 = const., p[enH+ 1 = 5.10 - 5.51, respectively. In 
approximately the same ligand concentrations range iilenHTl is equal 0.61 -0.83 and sum 
(iilenH.] + n,,,,) is equal to 1.0 - 1.09. Thus, at low concentrations of en and enH', 
two complexes are predominant (Hg(en)' +), and H ~ ( ~ I I H ) ~ + ) ,  while at  
p[enH'] = 5.2 - 5.0 the contribution of the third complex (Hg(e~~) (enH)~+)  increases 
to about 9%. The formation of Hg(enH)':+ was not observed in measurable 
concentrations (cJ Fig. 2c). From iso-p[en] functions of complexation (23) 

(Finn)f.znj =z (Fo([enJ))~en] + P4"CenH' I + . . . (23)  

the values of chelate complexation functions (20) and of the apparent stability constant 
(21) are obtained at various values of [en], by least-squares treatment. Since 
(F,([en]) - I'Len]). does not depend on the equilibrium concentration of chelate ligand 
or on the equilibrium concentration of hydroxyl ion (Fig. 4c) it may be accepted that 
Hg(en)'+ is the only chelated complex over the low [en] range and that the 
concentration of the mixed Hg(en)(OH)' complex is negligible. Finally, the following 
cumulative stability constant for Hg(en)'+ was obtained numerically: (Bloo oleo) = 
(5.49 0.09) x log(a,oo aloe) = 16.740 0.007. 

( i i i J  Iso-pH Functions 

obtained. 
For pH = 4.75 - 6.00 (see Fig. 1 )  the iso-pH functions of complexation (24) were 

(F'bnn)f~ + ]  = 1 + B';H[en] + /3$H[en]2 

(G;oO)[H-] =((Fbno)[H*j- l)/CenIZ)~H~3=PYH +PYH([enI)-' (25) 

lrrH = Bzoo  + a, 10 k m  + 1 + P o z o ( k m 3  + I)' 
pyH = P l O O  + a010 k7CH+1 f b l O I K H , O / [ H ' I  

(24) 
Rearrangement leads to (25) 

from which the values of apparent stability constants 

(26) 

(27) 
were determined at various [H'] values by a least-squares method (Fig. 5a4 ) .  

The relationship between the second apparent stability constant, B;H, and [H'] 
indicates that Hg(en)i + and Hg(en)(enH)j+ are formed in significant concentrations 
(Fig. 5e). The lack of curvature of PSH vs[H+] indicates that the contribution of the 
Hg(enH)i+ non-chelated complex is negligible ( < 2%). Hence, the stability constant 
Doze could not be estimated. Finally, the following values of stability constants were 
evaluated numerically: (P200 ? ozo0) = (9.27 & 0.15) x loz5, l og (~zoo  f azoo) = 
25.967 0.007; (al f oI = (5.65 f 0.25 x lozo, log (81 k ol = 20.75 f 0.02. 

The rectilinear dependence of fl;" versus [H'], and the fact that the intercept of 
the straight line (BP"[H '3 = f([H 'I)) approaches zero, indicates that Hg(en)(OH)' 
and Hg(enH)3' are not present to any significant extent under iso-pH function 
conditions (Fig. 6). Thus, for pH = 4.75 - 6.00 the first apparent stability constant 
(27)  is practically equal to the cumulative stability constant for the Hg(en)'+ chelated 
complex: (/I,,, _+aloo) = (5.16 & 0.30) x  log(^,,, f utoo) = 16.71 f 0.03. 
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I 

r -14 5 - + 
Y r 

T 

c 
A 

hl 
I ' ' ' ~ ' ' - '  v 

13- 

0 4 8 12 
( [en1- l )~i0-7 

80-  

X 

I 1 I 1 

0 5 10 15 20 0 

[ H'lx lo6 
FIGURE 5 Iso-ph functions; evaluation of apparent stability constants (BeH and /I:") for pH = 4.75 (Fig. 
5a). 5.25 (Fig. 5b), 5.00 (Fig. 5c), 6.00(Fig. 5d); evaluation of cumulative stability constant, flzoo. for second 
chelated complex and of cumulative stability constant, Bylo  or for partly-chelated complex (Fig. 5e). 
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FIGURE 6 
apparent stability constant &" (or [I?"[H-]i dependence I.crmT [H '1. 

E\aluation of cumulative stabilit) constant. PI,,,,. for first chelated complex from first 

Direct Estitircitioti ( I f  Cuniiifatiw Stobilit!. C'otislutits.frot?r E.uperimenta1 Complexation 
Firrrc.rioti.~ 

Experimental data for the four main measurement series were the basis of the direct 
weighted least-squares calculations. The function minimized was 

where N is the number of experimental points and w(~-,, = l/(Fb,,)~ is the relative 
%ei_pht of the i-th data point. A representative part of the data is listed in Table 11. 
During the verification of different equilibrium models, no complexes containing more 
than one 2-aminoethylammonium cation or mixed (hydroxo-chelated) complexes were 
found to be formed. The final results of the computer calculations are summarized 
in Table 111. A comparison between those obtained from iso-concentration functions 
and directly evaluated values of cumulative stability constants from experimental 
complexation functions shows good agreement. 

The distribution of Hg(I1) among various complexes is shown in Fig. 7. For 
pH 3 3.75 Hg(enH1" can be neglected: on the other hand, for 3 < pH <4.5, the 
concentration of the Hg(en);+ complex may be neglected at all CenH2(C104 under 
investigation. A good agreement between the stability constants determined bver the 
pH range from 3 to 7 and those obtained for both above rangest indicates that our 
assumption neglecting HgZ + compexation with en or enH+ is justified.22 

+For instance. CFnll~lc,O,,r = 0.1 5 M and 4.953 < pH < 6.839. the following values: log fllo0 = 16.756 
0.072. log /I, I (I = 20.753 k 0.030. log /jzno = 25.970 f 0.009. and for 3.093 < pH C 4.385 very close values: 
log I{,, , ,, = X.XO3 IO.053.  log PI oo = 16.756 f 0.021. log /I, I ,, = 20.737 f 0.078 were obtained. respectively. 
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FIGURE 7 Distribution of Hg(I1) among various complexes as a function of pH for the series with 
C e n H , , ~ , ~  10 = Hg(en)z+, 01 = - 0.3333 M (-----), 0.25 M (-- -), 0.15 M (....), 0.05 M 
Hg(enH)”,I 1 = Hg(er~)(enH)~+, 20 = Hg(en):+. The curves are calculated with plo  = 10’6.749 > B o 1 =  
1 0 8 8 2 1  p - 1 0 2 0 7 5 1  p - 1 0 2 5 . 9 7 0 ,  

3 01 - 9 20 - 

Comparison of the results obtained here with those of Bjerrum and Larsen2 reveals 
one basic difference; no formation of Hg(enH):+ is observed, but the existence of the 
mixed Hg(et~)(enH)~ + complex is demonstrated (Table I). Under these circumstances 
we have repeated calculations for the data provided by Bjerrum and Larsen (Table 
4 in Ref. 2) using our computer program for calculation of stability constants.30 For 
the Bjerrum and Larsen set of linear equations (X - f izo [enlz)t the best solution 
was achieved for the Bjerrum and Larsen original model: log(fi,, f ale)= 14.343 
0.068, log(PO2 + ao2) = 14.125 f 0.068, SSR = 5.50 x aEHg = 3.01 mV (c$ Table I 
of this work). However, for the same function an acceptable solution (somewhat higher 
SSR and acceptable Sij) was obtained with the assumption that, instead of Hg(enH):+’ 
the mixed Hg(en)(enH)3+ complex is formed: log(/?,, k c10) = 14.203 k 0.134,10g(/?11 
k ell) = 18.595 hE,, = 3.75 mV. The differences between 
both models diminished, when for the same data (Table 4 in Ref. 2) the calcdations 
were performed directly from the function X = C /[HgZ+]. In that case, for the 
model comprising Hg(en)’+, Hg(enH):+, Hg(en)f’:+the following values were ob- 
tained: log(fi,, fa,,) = 14.313 f0.136,  log(^,, f aoz )  = 14.064 kO.074, log(/?,, k 
a2J = 23.463 & 0.041, SSR = 6.88 x dE,, = 1.07 mV, while for the model com- 
prisingHg(en)2+,Hg(en)(enH)3+,Hg(en)z+): log(fll0) = 14.299 +-0.142,10g(fll, &a l l )  
= 18.826 f 0.075, lOg(fi,, czo) = 23.353 f 0.069, SSR = 7.04 x bEHg - 
1.08mV. Thus, both models are statistically equivalent (F-test). From the theory of 
reversible step reactions3 it follows that formation of Hg(en)i+ and Hg(enH)i+ 
should be accompanied by the presence of the Hg(en)(enH)3 + complex, acording to 

0.088, SSR = 8.54 x 

- 

$pzo was found by independent measurement2 
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TABLE I11 
Results ofcomputer calculations ofstability constants for 143 experimental points with CenHz(C,0,)2 =10.3333 M 
(39 points), 0.25 M (35 points, 0.15 M (31 points, 0.05 M (38 points); CHplc,o,,2 = 9.5057 x M, 

CNsCIO.= 3- 2CenH~(CI04)1 - 2CHg(Ci0.)z. 

Equilibrium Pij k 30Pij 

HgZ + + enH+ Hg(ex~H)~ + 

Hg2+ + e n  $ Hg(en)’+ 
Hg2 + + en + enH + =’ Hg(en)(enH)3’ 

Hg2+ + 2 en Hg(en)i+ 

(66.19 2.83) x lo7 
(56.16k0.78) x loL5 
(56.41 f 0.87) x I O l 9  

(93.23 f 0.71) x loz4 

SSR = be,, = 0.19 mV. 

the reaction Hg(en)i + + Hg(enH):+ $2Hg(e11)(enH)~+. On the other hand, the results 
of the model” and experimental studies of zinc family cations - ethanediamine 
complexation obviously indicate’.’ that the contribution of the M(er~)(enH)~+ mixed 
complex increases strikingly with increase of the total ligand salt concentration (Fig. 
7). Comparison of the total concentration ranges (CenH2(C104)2 = 0.33 - 0.05 M, this 
work, CenHi+ = 0.05 - 4 x M, Ref. 2) shows that under our chosen conditions the 
formation of Hg(en)(e~~H)~+ is preferred. It is also remarkable that Hg(I1) - 
ethanediamine complexes change in configuration from planar (Hg(en)’ + ) to tetra- 
hedral (Hg(en)$+, Ref. 31). This fact could be easily explained by the assumption that 
the configuration proceeds through the Hg(e~~)(enH)~ + mixed complex cation. It could 
be concluded therefore, that the final values of the cumulative stability constants (last 
column of Table 111) are a good approximation for calculations of the equilibrium 
concentrations of Hg(en)i(enH)j complexes coexisting in labile equilibrium in 3 M 
(Na,H)CIO,. 

SUPPLEMENTARY MATERIAL 

A listing of data (Fb,,) for all experimental points and results are available upon 
request from the Editor. 
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