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Based on our previous studies on the apparent ionic volumes a method for studying complexes 
in aqueous solutions is proposed, using the changes of density of the solution as a function 
of the volume of the added titrant. The position of breaks on the density curves indicates the 
stoichiometric ratio in which the two components react and, moreover, from the slope of the 
individual sections of the curve the nature of the reaction can be determined (i.e., the number 
and character of ligands exchanged in the inner coordination sphere, inclusive of H20 ligands). 
This method has been applied to the reaction [Me(NH3).]2 + ...... [Me(CN)4]2 -. The octahedral 
complexes [Me(NH3)x(H20)6 _ x]2 + of Ni 2 + and Cd2 + ions in an ammonia medium are 
transformed in a single step into [Me(CN)4]2 - whereas in the case of Zn2 + this change is going 
in two steps via an intermediate octahedral electroneutral dicyano:ammine complex. 

The idea that the formation of compounds in solution can be traced by discontinuities in the 
density was already formulated by Mendelejev who proved thus the formation of molecular 
ad ducts of water and alcohol. This method can be viewed as a special case of the so-called Kuma
kov's physico chemical analysis based on studies of the "property-composition" curves or of the 
Job's method of continual variations which, however, have been so far applied in electrolyte 
solutions to other physical properties but density. The breaks on density curves were used by Ti
tov 1 ,2 for the determination of stoichiometric ratios of components, namely for the formation 
of complexes in solutions. More recently it was Krishnamurti and Venkataraman3 who used 
it for the control of stoichiometry in simple precipitation reactions (CdS, BaS04' BaCr04) 
and Tsujioka4 who studied the neutralization of acids by strong bases. However, the interpreta
tion of the experimental data had to be restricted to the determination of the overall stoichio
metric ratios in which the two compounds react. Any direct identification of the chemical com
position and structure of the products formed, based on the observed volume changes, was im
possible because no general relations between the chemical structure of the component and its 
volume in the solution were available. 

The recent formulation of the relationship between the apparent molar volume of the complex 
in the solution ~ and its chemical compositionS - 8 disclosed a path leading to the exploitation 
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of the density changes in ionic reactions in solutions not only for the quantitative determination 
of the stoichiometric ratio of formation but also for the qualitative identification of the formed 
and disappeared species. 

THEORETICAL 

It has been deriveds.6 and experimentally proved 7
-

11 that the coordination of a li
gand in the inner coordination sphere of the central ion is in the aqueous solution 
accompanied by a considerable change of the volume which can be calculated with 
a sufficient accuracy (from the point of view of complex identification) from the 
ionic and van der Waals radii, respectively, of the corresponding atoms using a re
latively simple model. The apparent molar volume cpo of the complex in the solution, 
not taking into account the contraction due to the action of its electrostatic field on 
the neighbouring water molecules, is within 1-2 rnljmol equal to the sum of the 
molar hard-sphere volumes of the participating particles, if they are regarded as 
rigid spheres in the spherical packing, and corrected for the structural discontinuity 
due to their contact with the neighbouring structure of liquid water. This correct
ion corresponds to a continuous vacancy situated on the surface of the ion and 
surrounding it as a continuous layer of constant thickness, common for all ions, 
for which the value of 0·37 ± 0·02 A has been derived from experimental data. 
As the dilution increases we have to take into account also the empirical correct
ion for the contraction of the neighbouring water6 which, however, in the case of 
more voluminous complexes is of low importance and is compensated from the major 
part in the total volume balance of the reaction as far as the charge of the complex 
remains unchanged. 

Thus, for instance, the H 20 ligand, spherically packed in the coordinated state, 
has the molar volume of 9·5 mljmol6

, i.e. about half as much as the volume of free 
liquid water. The difference between the apparent molar volume of the complex 
with the coordination number 4, with a shape that is close enough to the sphere 
(e.g. with the tetrahedral configuration of ligands), and that of the compl~x, the 
coordination number of which is increased up to 6 by two other H 20 ligands, is 
according to these considerations - equal to 

where Vi is the molar volume of the first of the two ions, N is the Avogadro number 
and d is the correction for contact vacancies, d(4nNj3)1/3 = 0·50 ml- 1 / 3 moI1/ 3 . 

For Vi = 50 mljmol this difference amounts to 97-4-73,2 = 24·2 mljmol, what 
means a decrease of -11 ·8 mljmol per two additional molecules of water bound in the 
complex if compared with the volume of 2 mol of free water. On the other hand, 
the release of water from the inner coordination sphere of the complex by the ligands 
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Cl-, eN -, NO;, etc., the apparent volume of which is in the free state similar or even 
less than that in the bound state (due to the electrocontraction), is accompanied by the 
increase of the total volume of the same order as the preceding decrease. These vol
ume changes cause overall density changes which take place when the titrant (b) 
is added to the solution of the studied component (a), which reacts with it. From the 
graph of the dependence of density change on the amount of the added agent con
clusions can be made on the stoichiometry and nature of the chemical processes that 
take place in the solution. The described procedure can be therefore called "a 
densimetric titration". 

In the most general case a multicomponent titrant solution must be considered 
containing - along with cb (moll-I) of tIle component b acting as the titrant -
other i - 1 components which do not enter into the reactions or which are present 
in the stoichiometric excess and the concentration of which is v? mol per one mol 
of the titrant. (For the titrant v? = v~ = 1.) The apparent molar volumes of these 
components in the final titrated solution (if they are not transformed by reactions) 
will be denoted by <fJi (ml mol-I). 

Moreover, in reactions proceeding in m consecutive steps it is necessary to con
sider in every step the whole set of products formed in the amounts of nj,m mol per 
x ml of the added titrant solution. The apparent volume of the j-th product in the 
resulting solution will be <fJj,m (ml mol-I). To everyone of these steps corresponds 
a consumption of ni ,m mol of every of the i components of the titrant solution and, 
of course, also a consumption of nk,m mol of the k participating components of the 
titrated solution in which - along with the titrated component (a) - there are 
k - 1 components that do not enter into the reaction or that are present in an excess. 
(For the non-reacting components all the corresponding nk,m'S are zero.) The total 
volume V (ml) of the solution which initially contained ms grams of the solvent of 
density ds and n~ mol of each k-th component will be - after the addition of x ml of 
the titrant solution and under the given conditions - equal to 

v = (ms/ds) + 2:n~<fJk + X(1 - 10- 3
• Cb 2:V?<fJ?) + 

k i 

+ L Lnj ,m<fJj,m + 2:(10- 3 
• XCbV? - Lni,m) <fJi - L(<fJk Lnk,m) , (1) 

j m m k m 

where the third term represents the volume of water introduced into the solution 
together with the titrant and <fJ? are tbe apparent molar volumes of the components 
in the titrant solution alone. 

If the reactions do not proceed quantitatively, all the products of all steps are 
present in the solution (along wi!h each other) in detectable amounts, in equilibrium 
with the remaining agent and with the titrated component. In the general case their 
contents n depend non-linearly on the amount of the added agent so that in this 
case all n's and all an/ax depend on x. 
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If the reactions proceed quantitatively, at any particular value of x the trans
formation is practically complete up to the step for which there was enough of the 
added agent and the whole excess of the agent is quantitatively used up for the single 
subsequent (m*-th) step of the reaction. This means that in this region all nm's up to 
m = m* _. 1 are practically constant, independent of x, and all nm's for m ~ m* + 1 
are still equal to zero. For the m*-th step, which is just under reaction, the values 
of an/ax give the numbers of mol of components and products that are formed 
or consumed in the given m*-th reaction per 1 ml of the added solution, i.e. per 
cb/1000 mol of the titrant in agreement with the stoichiometric coefficients of the 
corresponding chemical equation. Denoting by Vm• the number of mol of components 
formed or consumed in the m*-th reaction per 1 mol of the agent, we get in agree
ment with the preceding discussion these equations for all the present species: 

(an.,ax)""._: 10-' . "V._) . 
(onm/ox)m*m. - 0 

(For species that do not enter into the m*-th reaction, there is Vm• = 0.) 

(2) 

(3) 

Addition of the titrant solution changes, however, not only the numbers of mol 
of the participating components but also the apparent volumes cp of all components 
present in the solution; generally, they increase with concentration due to the di
minishing electrocontraction of the solvent present in the solution per one solute 
particle. The expression for the change of the total volume, oV/ox, caused by the 
addition of the titrant solution, as obtained by differentiation of Eq. (1), will therefore 
contain also terms n. (ocp/ox). Changes in cp are, however, small so thaCtheir effect 
can be neglected if the titrant solution is as concentrated as possible and the amount 
of the titrated component lIa is so small that the total concentration of the solution 
changes only very little in the whole range of the titration curve. In this case, all the 
terms 11 • (ocp/ox) for the agent and for all other formed or consumed components 
are negligibly small and must be taken into account only for those components 
of the initial solution that are present from the beginning in much higher amounts n~. 

Therefore, if the reactions proceed quantitatively, the total change of the volume V, 
caused by the addition of the titrant solution, is given by Eq. (4), if Eq. (2) and (3) 
are taken into account: 

oV/ox = [1 + 1O-3cb 2)?(CPi - cp?)] + Ln~(ocpk/OX) + 1O-3cb MP, (4) 
i k 

where the first term represents the contribution of the volume of the added titrant 
solution, corrected for the change of the apparent molar volumes of its components 
when transferred into the titrated solution, the second term is due to the dilution 
changes of apparent volumes of components that are initially present in the titrated 
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solution in high concentrations. The third term is the volume effect of the given 
chemical change itself, where IltP stands for 

(5) 

It represents the volume balance of the current m*-th reaction taken per one mol 
of the titrant. 

Subtracting the volume x of the added solution - i.e. subtracting 1 from av/ax 
in Eq. (4) - we get the difference corresponding only to the deviation from additivity, 
i.e. the difference of the volume changes arising from the chemical reaction and 
from changes of molar volumes due to the mixing of the solutions: 

a IlVmix/anb = IltP + LV?(4'i - 4'r) + Ln~(a4'k/anb) , (6) 
i k 

where nb = xcb/l 000 is the number of mol of the added titrant. The values of IlVmix 
can be obtained from the solution density during the course of titration for which 
we have: 

(7) 

and hence 

ad/ax = -(d/V)(a IlVmix/ax) + (db - d)/V, (8) 

where V is the total volume of the two mixed solutions. As far as the volume increase 
during the titration remains within few per cent of its initial value, the changes 
of d and Vin Eq. (8) as well as the changes of 4'i and 04'k/onb in Eq. (6) are negligible 
over the whole titration curve so that these quantities can be taken as constants 
with values roughly equal to their initial values, da and Va, respectively. Hence, 
taking into account Eq. (6), Eq. (8) can be reduced by approximation to 

ad/anb = -(da/Va). IltP + A, (9) 

where A is a constant independent of the amount x of the titrant added. In this case 
the densimetric titration curve - in the region where the m*-th reaction prevails -
has an approximately constant slope corresponding to the molar-volume balance 
IltP of this reaction and it maintains this slope up to the corresponding equivalence 
point where one of the present species disappears and the reaction is replaced by an
other one so that the balance of apparent volumes resumes a different value and 
a break on the curve appears in the equivalence point. 
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Beyond the last equivalence point all chemical transformations cease and the coef
ficient l1iP is equal to zero. The titration curve turns into the straight line with the 
slope 

(10) 

This can be used to reduce the slopes in all other rectilinear sections to volume balan
ces fliP of reactions corresponding to the respective section. Substituting (10) into 
(9) we get 

(11) 

If the density of the solution is measured by the suspended plunger of the volume 
Vp and mass mp. the value m read on the balances (the correction for vacuum is 
neglected as it is roughly conStant during the titration) is given by 

(12) 

so that we get a curve with a slope 

(13) 

and for the evaluation of the volume balance of the reactions from the slopes of the 
densimetric titration curves m - nb we get 

(14) 

If it was impossible to perform the measurement in such a way that the total 
volume increase were within 10% of Va' we cannot use this approximation and it is 
necessary to convert to AVmi x each individual value of m. According to Eqs (7). and 
(12) this conversion may be done by using the following relations (written in a form 
suitable for numerical calculations): . . ... 

I1Vmix = -[(Valda) + (db/d;) x] I1d' + [(db/d.) - 1J x (15) 

flVmix = [(V./Vpd.) + (db/Vpd;) xJ 11m' + [(db/d.) - 1] x, (16) 

where I1d' = I1d/(l + I1d/d.) and flm' = flm/[1 - I1m/(Vpd.)] are the corrected 
increments of the density d and of the plunger weight m, respectively, usually identical 
with the measured values I1d = d - da and 11m = m - ma.By plotting the experi
mental values of flVmix> evaluated by this method, as a function of the number 
of mol of the titrant nb' we obtain a curve from which the slopes a flVmix/anb.arid· 
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(a Ll Vmix/anb)exe, respectively, can be directly read. After having substracted the cor
rection for the non-chemical volume effects, x(a LlVmix/ax)ew it is possible to com
pare the remaining chemical effect Ll Vcbem with the volume balances calculated theo
retically from Eq (5). 

The evaluation of curves according to Eqs (15) - (16) is more tedious than the 
direct determination of balances from the slopes of curves d - x or In - x according 
to Eqs (11) and (14). To avoid these tedious calculations it is advisable to use the 
titrant solution as concentrated as possible and, on the other hand, to keep the con
centration of the titrated component in the initial solution as low as possible. Its 
weight, however, must be suffficient for distinguishing the measured values of LltP. 
According to Eq. (J 3) the differences in values of In are equal to nbd.(Vp/V.) LltP. 
As demonstrated in the case of aquo complexes, the molar-volume balances in com
plex formation are of the order of units or tens of ml mol-I. This means that -
if the ratio of the plunger-to-solution volumes is 0·3 (a higher ratio would hinder 
an efficient mixing) - the differences in values of In are in units of grams per one 
mol of the consumed agent and hence of the same order of magnitude also per 1 mol 
of the studied component. It is therefore necessary to choose sample weights at least 
within 10- 3 to 10- 2 mol ensuring thus well measurable differences in the plunger 
weight (ofthe order of tens of milligrams). For the titrated-solution volumes of 100 ml 
this corresponds to the lowest concentrations of the order of 0·1 moll-I. To fulfil 
the condition that the consumption of the titrant solution should not exceed 10% 
of Va it is necessary to use concentrations at least one order higher, i.e. in units 
of mol/I, which means that the consumptions are of the order of units of ml for the 
whole curve. 

This method - in the above-mentioned adaptation - has been applied to the 
studies of formation of complex ions of polyvalent metals in aqueous solutions. 
The transformation of ammines of Ni 2 +, Zn2+ and Cd 2 +, respectively, into the 
corresponding cyano complexes has been chosen as an example of reactions proceed
ing qu~iItitatively. 

E~~RIMENTAL 

The measurements were done using the device developed by Jedinakova9 ,10 for the determination 
of apparent volumes of electrolytes in solutions. The volume of the studied solutions was Va = 
= 110-120 ml, the plunger volume Vp = 37·66 ml, the concentration of NaCN in the titrant 
solution cb = 5·76 moll- 1 (as determined by titration with mercury nitrate), db = 1·121 g ml- 1 . 

The'titrant solution was added from a microburette with a capillary extension and with the m'outh 
submerged under the surface of the titrated solution in a cylinder containing the plunger. The 
temperature of the cylinder was kept at 25·00 ± 0·05°C by a thermostat. The Me2 + ions were 
sampled by pipetting the stock solutions of their salts, the titre of which was controlled by chelato
metry. The sample weights were chosen so that the total volume of the solution after the last 
point of equivalence did not exceed 105% of the initial volume Va' i.e. about 0·005 mo\. All the 
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chemicals used were of the analytical grade. The solutions were prepared using water boiled
out to expell all the dissolved gases, the bubbles of which interfere in the measurements. The 
equivalence points and the slopes on the titration curves have been determined graphically. In
stead of the directly measured values of m (mg) the differences 

.6.mk= .6.m- kx, 

where the coefficient k (mg ml- 1) is the average slope of the titration curve from the beginning 
up to the reference point on the final section (chosen so that k is an integer), have been plotted 
to J1Iake the differences between the slopes of individual sections more distinct. 

RESULTS AND DISCUSSION 

The stock solution contained n~ = 3·95 miUimol of NiCI 2 , i.e. 1'58.10- 2 val, 
as calculated for the formation of [Ni( CN)4] 2 

-. The concentration of ammonia 
was 2 moll- 1 and the solution contained 1 moll- l of NaCI as an inert electrolyte 
used to stabilize the ionic medium and to diminish the concentration changes of mo
lar volumes cpo The initial volume Va was 110 ml, da = 1·0235 g ml- 1

. The densi
metric titration curve in units of nlk - x, for k = 41 mg ml- l

, is given in Fig. 1. 
The Ni2+ ion in the ammonia meoium forms a well-defined aquo- and am mine com

plexes with the coordination number 6, with the octahedral configuration of ligands 
which has been proved by several methods 12

-
14. The ligands H 20 and NH3 substi

tute mutually each other without any change of the coordination number forming 
the mixed complexes [Ni(NH3)x(H20)6_ X]2+, some of which are known ev~n in the 

TABLE I 

The Volume Balances .6. Y = Cb .6.r[) (Ill ml- 1) Calculated from Eq. (5) per 1 ml of the Added 
Titrant Solution (cb = 5·76 moll- 1 of NaCN) for the Transformation of the Octah.edral 
Complexes of Me2 + into the Cyano Complexes, at 25°C 

L=L'= L= NH3 , L= L'= 

Initial species Product of = H20 L'=H2O = NH3 
transformation 

.6. yO .6. yO .6. V'" .6. yO .6.Y'" .6.yoo 

[MeL4L2l+ [MeL4(CNh]o 72 20 75 23 66 14 
[MeL4L2]2+ [MeL2(CNh]o 106 55 101 49 92 40 
[MeL4L2]2+ [Me(CNh]o 141 89 130 78 121 69 

[MeL
4

L2]2+ [MeL2(CN)4]2 - 39 20 36 17 32 13 
[MeL4L2]2+ [Me(CN)4]2 - 51 39 45 33 40 29 
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crystalline form 14. They are .characterized by a distinct d-d absorption spectrum, 
corresponding to the dB ion with two unpaired electrons eg(3d!2' 3d!2_ y2) in the 
octahedral ligand field (e .g., ref. 15 .16). The ion-liga~d distances in these paramagnetic 
complexes, as measured by X-rays 17, correspond generally to the hard-sphere ionic 
and van-der-Waals radii. In the aqueous solution it was possible to follow by the 
spectral method 18 and by the isotope-exchange method C 5NH3) (ref.1 9 ) the sub
stitution of water by ammonia up to the highest degree of substitution, i.e. to [Ni . 
. (NH3)6]2+ . 

The CN- ions displace ligands NH3 and H 20 in the inner coordination sphere 
of these complexes. The final product is a well-defined diamagnetic square-planar 
complex [Ni(CN)4Y- (ref. 14) with the 3d;, configuration and with the hybrid dsp2 
bonds with the participation of the vacant orbital 3d;2_ y'2. In the case of aquo com
plexes in the aqueous solution this change proceeds in two steps with the formation 
of the intermediate dicyano complex that condenses into polynuclear polymer 
chains of partly or totally dehydrated Ni( CNh which coagulates in the isoelectric 
point and then dissolves in the excess of the cyanide by a simple addition of CN- ions. 
The polynuclear complexes are thus transformed into the mononuclear tetracyano
niccolate. In this case in the intermediate dicyano complex the coordination number 
decreases from 6 to 4. No precipitate is formed in the ammonia solution; there 
are no published data on the mixed cyano-ammine complexes. 

20 

t.m' 

15 

10 

FIG. 1 

Differential Densimetric Titrahon Curve 
of the Solution of 3·95 mmoJ of NiCl2 in 
2M-NH3 + 1M-NaCl 

x (ml) is the added volume of the titrant 
solution of 5·76M-NaCN, !!.m' = !!.m - kx 
(mg);k= 41 mgml- 1 . 
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FIG. 2 

The Densimetric Titration Curve of Ni2 + 
(NH3)-CN-J from Fig. 1, Recalculated 
to the Volume Differences 

1 !!.Vmix (Jll), 2 !!.V<hem = !!.Vmix -

- x(o!!. V mix/oX).xc (JlI). 
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Having this in mind, the results were compared with the volume balances calculated 
for intermediates with both coordination numbers 6 and 4 (Table I). Because of the 
tendency of planar complexes to bind two other ligands in the apexes of the octa
hedron the balances Were caIculatedalso for the octahedral diammine and diaquotetra
cyanoniccolate, in spite of the diamagnetism and yellow colour of the product 
that witnesses against its existence. 

The following values of the apparent volumes have been used for the calculations 
[({J0 is the apparent molar volume without the electroconstriction, i.e. extrapolated 
to the zero concentration of the solvent when the reacting components would fill 
up the total volume of the solution, ({J '" is the volume of the infinitely diluted solu
tion, ({J(k) is the coordination volume in the complex (ml mol-I)] : H 20: ({J0 = 18·0, 
(poo = 18.0, ({J(k) = 9·5; NH3: ({J0 = 17·5, ({J oo = 17·5, ({J(k) = 10·0; CN-: ({J0 = 30·0, 
({J oo = 25·0, ({J(k) = 22·0. 

For the volume of the central ion Me 2 + the mean value of 2 ml mol- 1 has been 
used but it is not very important because in the first approximation it is eliminated 
from the overall balance. The correction d for the structural ion-water discontinui
ties has been taken in all cases equal to 0·37 A, i.e. (!nN)1/3 d = 0·50 mP/3 mol- I/3

. 

As shown in Table I, the two-step reaction going via the electroneutral species has 
in the first step always much higher volume balance than the reaction going directly 
to the complex anion because the electroneutral complex causes practically no 
electroconstriction of the solvent. The balance values L\ VO for the "anhydrous" 
solution are in this case substantially lower so that L\ V decreases with the increasing 
concentration, but - considering that the concentration corresponding to the 
"anhydrous" state. is very far from the usual concentrations (by about l~- 20 mol. 
1- 1) - the balance to the first s.tep remains at usual concentrations alway~ higher 
than the balance of the fuIl transformation and the difference must be compensated 
in the second step so that in-, the two-step reaction there will be a break on the curve 
at the ratio of Me2 + : CN- = 1 : 2. 

But trus is not the case. The curve has a constant slope (Fig. 1) up to the com
plete formation of the tetracyanoniccolate that - after conversion into L\ Vrnix 

by Eq. (16) and to MP (by substracting the slope of the final section (Fig. 2)) - give 
approximately 42 ~l per 1 ml of the titration solution of S·76M-NaCN, well within 
the limits calculated for the direct reaction [MeL6Y+ -'t [Me(CN)4Y-. 

All the calculated values for the other imaginable combinations of coordination 
numbers of both the initial cation and the resulting anion lie about 10-15~llower; 
on the other hand, slopes corresponding to the reaction with a neutral intermediate 
are substantially higher. This means · that in the solution there is no significant 
formation of mixed complexes, not even at the substoichiometricamounts of the 
cyanide. Evidently, these mixed complexes are not stable ~ndund~go a coordinative 
disproportionation: 
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and 

respectively. This indicates that the covalent character of the bonds Me- NH 3 is 
not strong enough to form , in combination with two CN ligands, the low-spin 
planar complex, energetically advantageous only in the case of ligands forming 
strong covalent bonds, so that the whole system reaches a higher stability in the 
state when all the added CN- ions are used up for the formation of the diamag
netic tetracyano complexes and the remaining NiH ions are present in the form 
of paramagnetic ammine-aquo complexes with the coordination number 6, instead 
of the random distribution of CN- ions in paramagnetic mixed complexes. 

In contrast to NiH, with Zn 2 + two breaks on the densimetric curves were obtained 
when titrated by the cyanide. The titration was also performed at other concentrations 
of the' inert electrolyte (NaCl), the high concentrations of which generally increase the 
activity coefficients of ions and therefore also the stability constants of complexes . 
The breaks remained unchanged even under these conditions and they are well 
observable even on the un-recalculated densimetric curves ~m - x (Fig. 3, nZn = 

= 4'SOmillimol, CNH) = 0·8 moll-i). 

FlG.3 

The Densimetric Titration Curves of the So
lutions of 4·80mmol ofZnS04 in 0·8M
NH3 + NaCI 

x (m\) is the volume of the added titrant 
solution of 5·76M-NaCN, lim (mg) is the 
overall change of the plunger weight; the NaCl 
cOncentrations used: 1 0, 2 1, 32, 4 3, 54, 
65 moll - I . 
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Zinc has already a distinct A-character according to the Phillips-Williams clas
sification20

• The electrostatic component predominates in bonds of its complexes 
which is evident also from the fact that the stability of its halogen complexes in the 
aqueous solutions increases from r to F- (ref. 20). In the formation of complexes 
there is therefore a tendency to form such configurations that are energetically the 
most favorable from the electrostatic point of view: it is the octahedron for the electro
neutral polar ligands and the tetrahedron for anions. The participation of covalent 
Sp3 bonds plays here an unimportant role as evident from the relatively small dif
ference in stabilities of complexes with strong and weak donors. This fact is witnessed 
by the low stability of the cyano complexes of zinc because in the aqueous solutions 
the ligands OH 21 (and even H 20 ligands) successfully compete with CN- ligands 
so that along with [Zn(CN)4]2- it is possible to detect observable amounts of tri
cyanozincate22

• 

Raman spectra23 reveal that the Zn2+ ion in the aqueous solution does exist 
as the octahedral hexaquo ion, well-known even from crystals, where the distance 
Zn--H20 measured by X-raysl7 corresponds to the hard-sphere radii. The apparent 
volumes 7 

-1 ° also indicate the presence of the octahedral hexaquo ion in the aqueous 
solutions of Zn(Il) salts. It can be therefore expected that the c()mplexes in which 

200r.!i°:.....--r---,,..:r...--T-r-.:;-4--r----, 
1:2 1:4 

FIG. 4 

The Densimetric Titration Curves of Zn2 + (NH3)--CN-: from Fig. 3, Recalculated to 
~Vchem = ~Vmix - X(o~Vmix/OX)exc (J.I1) 
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TABLEll 

The Volume Balances ~V= cb ~rp (Jll ml- 1) Calculated from Eq. (5) for cb = 5'76 moll- 1 

of NaCN for the Transformation of the Tetrahedral Complexes of Me2 + into the Cyano Com
plexes, at 25°C 

Product of L = H2 O L = NH3 
Initial species transformation ~VO 

-----
~V oo ~V OO AVo 

[MeL412 + [MeL2(CN)21° 78 23 69 14 
[MeL4f+ [Me(CNhl° 112 58 98 43 
[MeL412+ [Me(CN)412 - 36 23 29 16 

water is substituted by ammonia have the same structure. The octahedral configura
tion for the highest complex, [Zn(NH3)bJ2 +, has been proved in crystals, in solutions, 
however, its existence is denied (ref. 14). 

The ion [Zn(CN)4J2- is tetrahedral with the hybrid Sp3 bonds (ref.14) and, as 
shown by Raman spectra24, it preserves this coordination number and this structure 
even in the aqueous solution. In strongly concentrated solutions with a highly de
creased activity of water the Raman spectra25 identified the tetramminezinc ion as the 
anhydrous tetrahedral complex [Zn(NH3)4J2 +. Because of this tendency of zinc 
to form tetrahedral ions even with rather weak donors, the volume balances AVmix 

and A<P, respectively, obtained from the transformed experimental curves (Fig. 4), 
were compared also with values computed for the initial complexes with the co
ordination number 4 (Table II). 

From these recalculated curves it is evident that there are really two breaks and 
not only one curved smooth transition in the vicinity of the equivalence point re
SUlting from a shifted equilibrium. This is proved by the fact that the point of inter
section of the initial and final tangent shifts with the increasing concentration of the 
inert electrolyte to higher values of the consumption and corresponds to non-integer 
molar ratios whereas the points of intersection with the straight line of the inter
mediate step remain invariably on the ratios Zn : CN equal to 1 : 2 and 1 : 4. The 
total volume difference between the final and initial point of the complex formation 
amounts up to 44 III per 1 ml of the titrant solution which again corresponds to the 
change of the octahedral aquo-ammine complex to the cyanozincate with the coor
dination number 4 (Tables I and II). Hence, if there are some lower am mine 
complexes of zinc in the solution, these are the octahedral mixed complexes 
[Zn(NH3)x.(HzO)6_xJ2+ and not complexes with the coordination number 4. . 

As demonstrated by the slope in Fig. 4, in the first step these complexes change 
into the octahedral complexes [ZnL4(CN)ZJo again; the transformation into a tetra-

Collection Czechoslov. Chem~ Commun. IVol. 361 (1971) 
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hedral complex would lead to a slope much higher (over 90 Ill/ml) than actua'lly 
found (about 60 Ill/ml). Addition of NaCl decreases the slope still further (as cor~ 
responds to the high difference between !1cP oo and !1cP° for electroneutral complexes, 
Table I) and in the 5M-NaCI both sections practicalJy melt together, what would 
never be the case if [ZnL2( CN)z]O were formed. Therefore, we can conclude that in the 
first step the CN- ligands replace ligands H 20 and NH 3 , respe<;tively, without any 
change of the coordination number. Only in the second step another two CN- ligands 
substitute the remaining 4 original ligands and the coordination number decreases 
to 4. 

The formation of mixed cyano-ammine complexes of zinc can be explained by the 
predominant electrostatic character of the bond which erases the specific differences 
between the donor abilities of ligands. The coordination of CN- ligands in the 
complex affects but slightly the interaction of the central ion with other ligands and 
the CN- ions can be equally distributed between Zn2+ cations. In this case energy 
changes very little with the distribution of ligands and from the point of view of entro
py the configuration with equally distributed CN ligands is favoured. 

The transformation of the octahedrons [MeL4(CN)2] into the tetrahedrons 
[Me(CN)4Y- when additional CN- ligands are coordinated is not dUe to the com
petition of covalent and electrostatic bonds (as in the case of nickel) but it is rather 
due to the mutual repulsion of CN- lingands which is higher in strongly polarized 
bonds than the repulsion of the electroneutral ligands. The smoothing of breaks 
in the equivalence points indicates the presence of a small amount of other inter
mediate species, i.e. of the octahedral [ZnLs(CN)]+ and tetrahedral [ZnL(CNh]
but the shape of the curve shows that the dicyano complex predominates, probably 
due to the energetically favourable trans configuration of the anionic ligands which 
is similar to the well-known23 configuration of the halogen-aquo complexes of Me 2+ 
( CI.14

). 

In the case of the Cd2 + ion the reaction leading to the cyano complex proceeds 
again in a single step. The break is sharp and this is particularly well demonstrated 
on curves plotted in the transformed coordinates !1mk ~ x (Fig. 5, 4·76 millimol 
of CdS04, 1·5 moll- 1 of NH 3 , plotted with k = 44 mgml- 1). This proves that the 
reaction proceeds quantitatively and that no observable intermediates are present. 
(Only at CNaC) = 0 there seems to be an indication of a two-step transformation.) 

Also in this case the slopes of curves recalculated to !1 Vmi'x and AcP, respectively 
(Fig. 6), are rather high (46, 41 and 45 Ill/ml, respectively) in the whole titration 
region. TIley correspond to the transformation of the octahedral aminine complex 
into the l!-nhydrous tetrahedral cyano complex in spite that for the pure aquo com
plex of cadmium in aqueous solutions and inabsenc;e ' of ammonia it follows from the 

Collectiou Czechoslov. Chern, <;ornmUll./Vo,l. 36/.(1971) 



Chemistry of Highly Concentrated Aqueous Electrolyte Solutions. XXII. 3729 
I 

apparent molar volumes 7,26 that the coordination number is 4. In crystalline sulfates 
the existence of the octahedral hexaquo ion 17 has been proved both by X-rays and 
infrared spectra27 , as well as the mixed complex28 [Cd(NH3)4(H20)2]2+ and even the 
hexamminecadmium(Il) ion in spite that by the method of isotope exchange in aqueous
ammonia solutions it is possible to follow the substitution of water by ammonia 
only to the tetrammine complex step.19 

The single-step character of the tran~formation to the tetracyanocadmate indicates 
a distinct coordinative disproportionation of mixed cyano-ammine complexes in to the 
terminal members of the series. In this case the reason, however, is different from that 
of nickel where this disproportionation is due to the competition between the para
magnetic configuration in the octahedral field of weak donors and the diamagnetic 
configuration in the tetragonal planar field of strong donors. In contrast to zinc, 
cadmium is already an element with a distinct B-character2o, the ions of which have 
a high acceptor ability and with good donors they form bonds with a high degree 

20~~------~--------~--~ 

FIG. 5 

The Densimetric Titration Curves of the So
lutions of 4·76010101 of CdS04 in 1·5M
NH3+ NaCI 

x (011) is the volume of the added titrant 
solution of 5'76M-NaCN, Am' = Am - kx 
(mg); 1 OM-NaC!, k = 44mgml- 1 , 2 IM
NaCl, k = 32·6 mg ml-l, 3 2M-NaC!, k = 

= 20·8 mg ml- 1• 

Collection Czechoslov. Chern. Commun. IVaI. 36/ (1971) 
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FIG. 6 

The Densimetric Titration Curves of Cd2 + 
(NH3)-CN- from Fig. 5, Recalculated 
to AVchem = AVmix - x(8 AVmixl8x)exc(l.tl) 
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of covalence as witnessed by the increase of the stability of halogen complexes 
from F- to 1- (ref.20

). This causes a strong differentiation of ligands according 
to their donor ability. 

Strong donors CN are concentrated in complexes in which they can form strong 
covalent bonds and these are - in this case - the tetrahedral complexes with hybrid 
Sp3 bonds on 5s- and 5p-orbitals. With cadmium ion the octahedral configuration 
presents no possibility to form such stable covalent bonds because with completely 
occupied 4d-orbitals the octahedral hybridization can be formed only by admixing 
the energetically unfavourable 5d-orbitals. This is why - at the substoichiometric 
amount of the cyanide - the CN- ions are distributed among Cd atoms unequally: 
they concentrate on certain atoms where they form the tetrahedral configuration 
with strong hybrid Sp3 bonds whereas other Cd2+ ions remain in the octahedral 
ammine complexes in which the H 20 and NH3ligands are concentrated. These ligands, 
as weaker donors, can to full extent display in the electrostatic binding interaction 
in these complexes while in covalent cyano complexes they would act as energetically 
unfavourable perturbations. 

The authors are indebted to Dr V. f edindkovd for useful discussions and for the technical help 
with measurements. 
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