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STABILITY CONSTANTS OF PROTONATED NON-
AND PARTLY-CHELATED COMPLEXES IN THE
ZINC 1,2-ETHANEDIAMINE SYSTEM

MICHAL WILGOCKI
Institute of Chemistry, University of Wroclaw, F. Joliot-Curie 14, 50-383 Wroclaw, Poland.

(Received August 15, 1984)

Complex formation between Zn(II) ion and 1.2-ethanediamine (en) or 2-aminoethylammonium cation
(enH™) has been studied in 3 M (Na,H)CIO, at 25°, by measuring the e.m.f. of glass and Zn(Hg) electrodes. At
low initial acid concentration range and relatively high initial Zn(II) concentration the formation of a
precipitate (for n < 1.9) was observed. From e.m.f. measurements of the solutions with high initial 1,2-ethane-
diammonium diperchlorate concentrations (Ceupycio,, = 075 or 050 M) and a low initial Zn(Il)
concentration (Czycip,, = 479 X 107 M) the values for the cumulative stability constants of the following
complexes were evaluated: Zn(enp™, B, = 105493002 Zn(en) 2t B, = 1012-430.01. Zn(en) 2 ¥ g = |1 882012,
Zn(enH)’*, ﬁm — 101.03io.06: Zn(en)(enH)”’, ﬂ" = 107.4710.13: Zn(en)z(enH)”, ﬁZI — lolz.uio.osh

INTRODUCTION

Prior to 1945 Jannik Bjerrum determined stability constants for 1,2-ethanediamine
complexes with Mn(II), Fe(II), Co(II), Ni(Il) in 1 M KCI! and with Cd(II) and Zn(1I) in
1.2 M KNO,.2 However. the coexistence of chelated and non-chelated Cd(1) complexes
with 1,2-ethanediamine was reported only in 1974 and was based on polarographic
studies.® Polarographic studies carried out with a large excess of 2-aminoethyl-
ammonium cation with respect to 1,2-ethanediamine showed that Zn(Il) also forms
non-chelated complexes.* As shown in our previous studies® stability constants for the
Cd(en)**, Cd(en),>*, Cd(en),** complexes in 3 M NaClO, may be determined on the
basis of the average ligand number obtained at a low initial acid concentration, since
under such conditions the concentrations of protonated complexes could be assumed
to be negligible. It was also shown that at high acid concentration, Cycjo, = 1 M, the
non-chelated Cd(enH)*t and partly-chelated Cd(en)}enH)**, Cd(en),(enH)y** com-
plexes coexist in equilibrium with the chelated complexes.’

In the present study the Zn(Il) — 1.2-ethanediamine system has been studied by
means of the glass and Zn(Hg) electrodes in 3 M (Na, H)CIO,. From glass electrode
measurements of solutions involving a low initial acid concentration only the value of
log K,, for the Zn(en),2* complex has been evaluated. On the basis of measurements at
high total concentrations of 1,2-ethanediammonium diperchlorate with respect to the
total zinc perchlorate by means of the glass and Zn(Hg) electrodes, the cumulative
stability constants for Zn(en)2*, Zn(en),>*, Zn(en),>*, Zn(enH)**, Zn(en)(enH)** and
Zn(en),(enHY* have been determined.

EXPERIMENTAL

Zinc perchlorate was prepared from ZnO (Analar, BDH) and HC1O,(G.R., Merck) and
then recrystallized from water. The Zn(II) concentration was determined by titration
(according to Schwarzenbach®) with EDTA(the latter being determined by titration
with standard Mg(II) solution). 1.2-ethanediamine (puriss., p.a., Fluka) was redistilled
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before use. The concentration of stock 1.2-ethanediamine solution was determined by
titration with standard HC1Q, solution.! Stock perchloric acid solution was prepared
from 70% HCIO, (G.R.. Merck) by diluting. The hydrogen ion concentration was
determined by titration with standard NaOH or rris-(thydroxymethyl)aminomethane
solution. 1.2-ethanediammonium diperchlorate. 1.2-enH,(CIQ,),. was synthesized in
the following way. Redistilled !.2-ethanediamine was dissolved in triply distilled water
and then titrated with perchloric acid at low temperature (below 30°). The
1.2-ethanediammonium diperchlorate solution was concentrated under reduced
pressure in a rotory evaporator. Crystals of 1 2-ethanediammonium diperchlorate thus
obtained were recrystallized from aqueous ethanol and finally dried under reduced
pressure in a desiccator oversilica gel. Sodium hydroxide solutions were prepared from
a 50% NaOH solution (NaOH. p.a.. POCh, Gliwice) by dilution and standardized
against HCIO,. The concentration of stock NaClO, (G.R.. Merck) solution was
determined by titration of the cluate from a cation-exchange column with standard
NaOH solution. Mercury (A.R., POCh. Gliwice) was redistilled just before use.

The various solutions were prepared in volumetric flasks by weighing or pipetting
from stock solutions of zinc perchlorate. sodium perchlorate, perchloric acid.
1.2-ethanediamine or 1.2-ethanediammonium diperchlorate, respectively.

Glass electrode measurements were performed in a jacketted vessel with a
thermostatted water flow. pH(= -log[H"}) was measured with respect to that of
standard HC1O, solutions (pH~3) in 3 M NaClQ,. as previously described’ Glass
electrodes (Radiometer G 202 C for pH < 9 and Beckman 39099 for pH > 9) were used.
both having nearly a theoretical pH-dependence. An Orion Research Digital lonalyser
TO01A was used for pH and e.m.f. measurements with the Zn(Hg) electrode. A silver -
silver chloride electrode was prepared according to Brown.” The Kawai's half cell® was
used as a reference electrode (Ag. AgC1/0.01 Ag*.3.0 Na*, 3.01 Cl0,7/3.0 M NaClO,).
The used potentiometric cell was a closed jacketted 150 cm?® vessel which was provided
with a J-shape and amalgam electrode’ the Kawai's reference half cell® a glass
clectrode and a glass tube for argon inlet and outlet. The temperature at 25 £ 0.1° was
maintained by means of an ultrathermostat. The zinc amalgam was prepared just
before use in an amalgam electrode apparatus® by dissolving zinc metal (puriss.. p.a.
granular. Fluka) in mercury placed in 0.02 M perchloric acid solution with stirring and
under argon at about 50°. Zinc content of the amalgam was about 1.5% by weight.
Potentials of the zinc amalgam electrode in oxygen-free zinc(1l) - (NaClO, + enH,
(C10,),) solutions were stable within the accuracy of the measurements (£ 0.1 mV) for
several hours. The Zn(Hg) electrode exhibited very nearly the theoretical Nernstian
slope in the test solutions (Czyci0,), = 0.0005-0.05 M. C(napcio, = 3.0 M, pH $4.8)
under examination. Argon was purified by passing it in turn through a concentrated
solution of pyrogallol in 50% KOH. acid chromium(II) sulphate solution containing
amalgamated zinc'® and 3 M NaClQ,, respectively.

RESULTS AND DISCUSSION

Complex formation ar low acid concentration

The present studies were carried out under similar conditions (Czycio,, = 0.02 M,
Chcio, = 0.02 M) as previously described with Cd(1l) as the central cation’® and for
Cznc10,, = 0.10 M (like the Zn(Il) — en — 1.2 M (K. H)NO, system).2 Calculations of
the negative exponent of the free 1.2-ethanediamine concentration (p[en]) were based
upon the acid dissociation constants for the 1.2-ethanediammonium cation
(PKenn, = 7.95. pKepp+ = 10.79) determined previously® under the same conditions as
those employed in the present work. The results concerning pH measurements for
Zn(Ih) as the central cation in 1.2-ethanediamine solutions in the presence of
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FIGURE1 Formation curve (i versus plen|) for the Zn(1I) — en system in 3 M NaClQ, at 25°. Experimental
results with Cyp 10,), = 002 M. Cyi0,= 0.02 M (@) and with Cy 10, = 0.1 M. Cyp, = 0.1 M(+) as well as
with Czyc10,, = 001 M. Cheyp, = 0.1 M (A). The full and the dotted part of Zn(Il) formation curve (O) is
calculated with estimated chelate constants (B, = 10°°0, f,, = 1024 B, = 10'*-#2 seetext). For comparison the
formation curve for the Cd(11) - en system in 3 M NaClO, at 25° is also given: (@) experimental points with
Cuiog,= 002 M. Chyi0, = 0.02 M and (O) calculated points with § 5= 10421, B, = 10" B, = 10"-** drawn
on the basis of earlier measurements® are shown.

3 M NaClQ, are presented in Fig. 1 where the cadmium formation curve is also shown
for comparison. The studies performed showed that Zn(Il) in 1,2-ethanediamine —
3 M NaClQ, solutions at approximately neutral and weakly alkaline ranges is
precipitated for values of i < 1.9 in the form of a white gelatinous solid. On the other
hand, for n > 1.9 not a trace of hydroxo-complex was found to precipitate. It is worth
noting that neither for Cd(II) under the conditions mentioned above nor in the Zn(II)
-en- 1.2 M (K, H)NO, system were hydroxo-complexes found to precipitate?:® over the
entire range of average ligand number. Thus, from pH measurements
(Cznc1oy, = Cueio, = 0.02 M) it was possible to determine only the third stepwise
chelate stability constant, from the relationship provided by Bjerrum.? (/)

log Ky = plen| + log (n — 2)/(3 — 1) )
from which the following value was calculated:
log K,, = 2.36, for p|en] = 2.657 and n = 2.333.

As will be shown later, the first two chelate constants may be obtained from
measurements with the Zn(Hg) electrode at high 1.2-ethanediammonium diperchlorate
concentrations (0.50 or 0.75 M). On the basis of the cumulative stability constants
determined by this method (B, = 10°%°, B, = 102-%) the value of Py
(= 10"-46 X K,, = 10"-#2) was calculated. For i1 > 1.9 the values of the average ligand
number (O) calculated on the basis of the above chelate constants are in good
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agreement with the experimental points (@) and this part of the zinc formation curve
calculated was denoted by a full line. whereas for n < 1.9, where a precipitate was found,
the curve is shown as a dotted line (Figure 1).

Chelated, non-chelated and partly-chelated complex formation

As shown in Fig. 1. for Zn(Cl10O,),. it was not possible to select conditions such that the
contribution not only of protonated complexes but also of hydroxo-complexes would
be negligible for the entire formation curve. Therefore. it was decided to determine a set
of stability constants simultaneously for the chelate and protonated complexes
coexisting in labile equilibrium at a large excess of the ligand salt. on the basis of the
total complexation function (2)

CZ 10 i=N j=M k
000 = ———n(C 4)2 =1+ T N
[Zn2+] L

i=1 i=1 k

K

7/

Bisx [en]® [enH']) [OHT]* 2

i}
oo

_ [Zn(en);(enH); (OH),(*"-9]
where Bijk [Z0?*] [en] [enH'])[OH ] ¢

is the cumulative stability constant

plen]
8 7 6 5 4
S | 1 b
+ e ¢ '
8 7 b 5 4
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FIGURE 2 Logarithm of total complexation function (log Feoo) plotied as a function of pH. Experimental
results are with Czpci0,, = 000479 M. Coy cio,, = 075 M. Cnycio, = 149 M for curve A (O) and
szuo, = 000479 M. C, HAC100, = 0.50 M. C, 10, = 1.99 M for curve B (®). The abscissa also shows the
corresponding values of pTer’\T and plenH™]. )
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TABLE 1
Results of glass- and Zn(Hg)-clectrode measurements in 3 M (Na,H)CIO, with Cy (10, = 0.00479 M.
Cennyciog, = 0-75 M. Cruci0,= 3 - 2Cenmyci0,, = 2Czacc10y, - PRenny ™ = 793 pK oyt = 10.81% Datais given
for 11 of the 42 solutions studied.

No pH plen] p[enH+] Fooo (Ecxp - Ecn]c)b
1 5.291 8.281 2762 1.020 -0.19 mV
5 3.660 7.545 2395 1.131 -0.07
9 5.841 7.184 2215 1.293 0.02

13 6.094 6.684 1.968 1.948 0.05

17 6.306 6.267 1.763 3952 -0.03

21 6.550 5.791 1.531 15.36 0.00

25 6.829 5.256 1.275 122.95 0.01

29 7.058 4.829 1.077 806.7 0.01

33 7.308 4.382 0.880 65.04 x 107 -0.06

37 7.631 3.845 0.666 88.48 x 10° 0.07

41 7941 3.384 0.515 86.23 x 10¢ -0.03

aRef. 5. PCalculated with: log B,, = 649, log B,, = 1244, log By = 14.88, log By, = 1.03. log B,, = 7.47.
log B,, = 12.81.

for the Zn(en){enH)(OH) 20 complex. Calculations were carried out with acid
dissociation constants of the 12-cthane-diammonium cation (pK.,p2" = 7.93,
pKeon = 10.81) determined previously’ under the same conditions.

The results of the studies for the two main measurement series A) Czycio,), = 0.00479 M,
CenHz(ClO4)z= 075 M, CNaClO4= 149 M. and B) CZn(ClO.)z =(.00479 M, CCnHz(CIOA)] = 050 M,
Cnaclo, = 1.99 M, are presented in Fig. 2. A representative part of the experimental data
is listed in Table I. Experimental data from each titration were the basis of least-squares
calculations. The function minimized was

izN

S= > Wik (PSR ~ (PSSP ®
=t

where N is the number of experimental points and W ;= 1/(Foq0){* is the weight of

i-th data point.
The results of computer calculations are summarized in Table II. The best solution,

TABLE Il
Results of calculations of stability constants for the Zn(en)i(enH))-“*”* complexes.

l()g(ﬁ'ij + o) 1 11 11 8% \Y

10800  T00) (Boo=1.0) Boo = 1.0) -0.0006 £ 0.004 (Bop = 1.0) (Boo= 10)
log(B,, = 0,,) 6.56 = 0.01 6.59 = 0.004 6.56 = 0.01 6.56 = 0.007 6.49 + 0.02
log(B,, £ 75) 12,53 £+ 0.00S 12.46 + 0.005 12.48 £ 0.005 12.48 £ 0.004 1244 £ 0.01
log(By, £ 05) 15.64 £ 0.025 1495 + 0.11 15.09 = 0.06 15.09 = 0.06 14.88 = 0.12
log(B,, % 0y,) 0.83 + 0.17 0.81 % 007 1.03 % 0.06
log(B,, * ayy) 7.47 £ 0.13
log(B,, + 0,,) 1277 £ 003 1271003 1271 £002 1281 * 0.03
S/ x 103 1.1652 0.1508 0.07992 0.07780 0.06176

S is the sum of weighted squares of residuals, f is the number of degrees of freedom.



19: 43 23 January 2011

Downl oaded At:

a M. WILGOCKI
plen]

w0
oo
F~J
o)}
N
w

i

100
| (A)

20

0
100

30 25 20 15 10 05

plenH*]
5 6 7 8
pH
FIGURE3 Distribution of Zn(I1) among various complexes as a function of plen] for C.n uo,) =0.75M.
The abscissa also shows the corresponding values of pH and penH™. Figure A: 10 = Zn(en)2 ="7Zn(en),?";
= Zn(en)3 (01 = Zn(enHy™: 11 = Zn(en)(enH)**: 21 = Zn(en), enH)3+ calculated for mode] V. Flgure B,
full line: Zn(1l) complexes. dashed line: Cd(1l) complexes (calculated with g, = 1052, By = 10164

By = 1038 B = 10170 B = (78 B = |20

(S/f) X 10° = 0.06176. was obtained by assuming that there are six complexes coexisting
in the solution (Model V). Under these conditions the maximum contribution from the
part chelate Zn(en)(enH)** complex is 9.13% (Fig. 3). For this reason its consideration
in calculations is evident in the values of the reduced sum of weighted squares of
residuals (0.0778 without allowance. 0.06176 with allowance for Zn(en)(enH)’*). On the
other hand. according to the Bjerrum’s theory of reversible step reactions, there are no
obstacles whatsoever for coexistence of the Zn{en)(enH)** complex if only the
Zn(enH)Y’* and Zn(en)(enH)** complexes are present. The existence of the
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Zn(en)(enH)** complex results from the following reaction
Zn{enH)** + Zn(en),(enH)’™ === 2 Zn(en)(enH)*

as indicated by the equilibrium constant value, K = %,,/8,.8,, = 10'-'. However,
evaluation of the stability constant for the part-chelate Zn(en)(enH)** complex, which
is formed in the predominance region of the tetrahedral chelate complex, is possible
only at sufficiently high 2-aminoethylammonium cation concentrations
(Cennyclo,, > 0.50 M).

Duringthe study, no complexes containing more than one 2-aminoethylammonium
cation or hydroxo-complexes were found to be formed. Finally, it was estimated how
high the chelate stability constants of Zn(II)-1,2-ethanediamine complexes in
perchlorate media (2.98 M NaClO, + 0.2 M HC1Q,) should be if no hydroxo-complexes
would precipitate (see Table 1I1). From a knowledge of the chelate constants for the
Cd(Il) and Zn(II) en complexes in 1.2 M (K, H)NO; (from Ref. 2) and the chelate
constants for Cd(II) en complexes in 3 M (Na, H)CIO, (from Ref. 5) it was possible to
estimate the chelate constants for the Zn(Il) en complexes in 3 M (Na, H)ClO,. A
comparison between the values of stepwise stability constants (columns d-f in Table
II) indicated that the value of log(K,;, + 05) = 244 * 0.12 obtained from the
measurements is in acceptable agreement with the experimental value of log K;, = 2.36
derived from the formation function and its estimation (2.52). On the other hand, a
comparison between obtained and estimated values of stepwise stability constants for
Zn(en)*™ and Zn(en),>* shows a very good agreement (Table III).

One may conclude therefore, that the cumulative stability constants for model V of
Table II are a good approximation for calculations of the equilibrium concentrations of
Zn(en)j(enH); {2F0+ complexes coexisting in labile equilibrium in sodium perchlorate
solutions (Fig 3). However, standard deviations for the Zn(en);>* and Zn(en)(enH)**
complex cations are relatively high.

An attempt was also made to calculate By, and B,, but these constants could not be
determined directly from the experimental data. However, the formation of the
Zn{enH),*" complex at a very low concentration may be expected from the reaction
2 Zn(en)(enH)** === Zn(en),>" + Zn(enH),*. A comparison of the results
(log K,, = 1.03, log K,; = 0.98) summarized in Table III leads to a conclusion that the
value of the stepwise stability constant for Zn(enH),** should be close to both values
given above (K, = 10).

Asindicated in Table IV, the first stepwise Zn(I1) ammonia complex is about 24 times
more stable than the first Zn(1I) 2-aminoethylammonium complex. The zinc(1l) ion

TABLE III

Comparison of Cd(Il) and Zn(Il) ethanediamine stepwise stability constants in KNO, and NaClO,.
log Kxi Cd(ID Zn(1I) Cd(1) Zn(11) Zn(1I) Zn(1D)
log K, 5.63 5.92¢ 621b 6.49¢ 6.50¢
log K,y 4,594 5.15% 5.43P 5.95¢ 5.99¢ _
log K,, 2.07% 1.85° 2.74% 244¢ 2.52¢ 2.36"
log K, 1.70¢ 1.03¢
log K,, 1.67¢ 0.98¢
log K,, 0.59¢ 0.37¢

“Experimental values, Bjerrum method? 12 M (K, H)NO,. PExperimental values. Bjerrum method.
3 M (Na. H)CIO,. “Experimental values. Cd(Hg) measurements.® 3 M (Na, H)C1O,. dExperimental values.
Zn{Hg) measurcments, 3 M (Na. H)C10,, this work. “Estimated values: log K, = 6.21 + (5.92 — 5.63) = 6.50.
log Ky, = 543 + (5.15-4.59) = 599, log K,y = 2.74 + (1.85 - 2.07) = 2.52, on the basis of Bjerrum’s measure-
ments.? 'Experimental values, Bjerrum method. 3 M (Na. H)CIO,. this work.
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TABLE IV
Comparison of Cd(Il) and Zn(Il} ethanediamine and ammonia stability constants.

Cdty or Zn(H). enenH™) Cd(I) or Zn(1l). NH,. Found

IM.2Y 2 M. 250

Cdidl). log B, = 170 Cd(ll). log K, = 269 Cd(ih. log (K/B,)) = 0.99.%
Zn(11). = 103 Zn(Ih, = 241 Zn(ll). = 1.38
Cdin. log B, = 621 Cdd). log K? = 214

Zn(il. = 649 Zn{ll). = 248

Cdeh. log 8, = 788 Cddh. log K, = 148 Cdill). log(B,/B} = .ol
Znt1). = 747  Zull. = 254 ZunIDh. = 098
Cd(I. log B, = 1164 Cd(Ih). log K, = 097

Zn(1l). = 1244  Zn(Il). = 219

Cdi. log 8,, = 1223  Cd(lh. log K, = -0.32  Cdd. log(8,,/8:) = 0.59."
Zn(h. = 1281 Zn{lh. Zn(1ly, =037
Cdtth), log By, = 1438 Cd(ID. log K = -1.66

Zu(). = 1488  Zn(1.

"Ref. 5. PRef 1.

forms a stronger bond with [.2-ethanediamine than cadmium(1I) does. In the case of
the soft cadmium(II) ion the situation is quite the opposite. The Cd(11)-2-aminoethyl-
ammonium bond is stronger than the corresponding one formed with zinc(II). Chelate
ring formation allows maximum coordination number. This effect is particularly
evident for Zn(II) (Table 1V). However. the Zn(1l) ethanediamine complexes show a
less pronounced tendency to achieve an octahedral configuration’ than the cadmium
complexes.!? This is also confirmed by the log 8,,/8,, ratio which is 8.37 and 0.59 for
Zn(1l) and Cd(H). respectively. Thus, as in the case of Cd(1I) as the central cation,® the
Zn(ll) ethanediamine complexes change in configuration from tetrahedral to
octahedral and proceed through the Zn(en),(enH)** complex. The chelation effects in
the Zn(1l)-1.2-ethanediamine system relative to ammonia system are higher than in the
Cd(11) systems (see Table V). Therefore. the decrease of the stepwise stability constant
for the Zn(enH)** complex (K,,) with the simultaneous increase of the stepwise
stability constants for the Zn(en);** complexes (Ky). in comparison with the K, and K,
values obtained for the Cd(ll)-1.2-ethanediamine system, seem to be in good
agreement with the differences in propertics of both central cations (Cd** and Zn**)
and ligands (en and enH™),

As shown in Fig. 3A. the maximum contribution from the Zn(enH)** complex is
3.9%. Only at pH < 5.3 is the concentration of Zn(enH)** higher than that of Zn(en)**.
Figure 3B shows clearly that the deviation from pure chelation over the predomination

TABLE V
Chelation eftects in Zn(I) or Cd(1)-1.2-ethancdiamine systems
relative 1o ammonia (estimated according to  Bjerrum’s
relationships'?).

Zn(I) cdn
log Fotem 4 300
K(NH,)
Byten)
log 7.3 6.5
BNH,)
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range of tetrahedral configuration is small. The concentration of Zn(en),(enH) ™ is
strongly influenced by the total ligand salt concentration. It decreases from 40% (for
Centixcioy, = 075 M, pH= 8) to 18% (for pH = 8, Ceppycio,, = 020 M). In a similar
manner, the Zn(en)(enH)** concentration decreases rapidly with a decrease in total
ligand salt concentration. For Cenyycio,, = 020 M and pH < 8 chelation is so
dominant that the maximum contributions of the Zn(enH)**, Zn(en)(enH)** and
Zn(en)** complexes are approximately equal (about 3%) and negligible.
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