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ABSl-IUCl- 

Log K, dH0, and dS” vahres valid at zero ionic strength are reported or 
summarized from previous studies for cyanide ion interaction with bivalent nickel, 
zinc, cadmium, and mercury at IO, 25, and 40°C. From the values of ANo as a function 
of temperature, average dCPo values are calculated. 

IbilXODUCTION 

The general chemistry of metal-cyanide complexes has been discussed1*2_ Tn 
previous papers in this series we reported stepwise, Eqn. (I), or overall, Eqn. (2), 
log K, dHo, and ilS” 

M (CNj,1-,’ + CN - ~ M(CN)Z-’ Ki, AH”i, AS”i (1) 

M2+ i- i CN- a _M(Chv;-i Ko-i, AHOO-i, AS”o-i (2) 

values valid at 25” and zero ionic strength, p, for the interaction of CN- with Ni’* 
(Ref. 3), Zn2+ (Ref. 4), and Hg 2+ (Ref. 5). YaIues of log Ki valid at Jo = G for the 
Hg’+-CN- system at 10 and 40°C were also reported’. Several workersG9 have 
determined Iog Ki values for the CdZi-CN- system at p > 0. Vaiues of log KoA 
vaIid at p = 0 have been reported’“-’ 1 but differ by two log K units. Gerding12 has 
published dHi VZ&XS valid at 25 “C and ,U = 1 .O for Cd2 l . Except for the K vaiue~ in 
the case of the Hg2 +-CN- system’ no K, d G, AH’, or dS” values have been reported 
previously at 10 or 40 “C for any of the systems studied. 

In the present study log K, dG, AN’, and dS” values for reaction (1) or (2) 
(M = Ni, Zn, Cd, Hg) at IO, 25, and 40°C and p = 0 have been determined where 
these data are not presently available or where an independent check of existing data 
was desirable. Values of dCPoi are estimated from the temperature dependence of the 
AH’, values. 

*Part VIII: R M. Ian-r, G_ D. Wm-r, C. H. BARTHOLOMEW AND J_ J. Cm. Imrg_ Chem.. 
7 (1968) 2236. 
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Materiais 

Reagent grade NiCO, (Baker AnaIqzed), Zn (Baker Analyzed), Cd0 (Matheson, 
Coleman, and Bell), HgO (Baker and Adamson), Hg(CN), (Mahinckrodt), HCIOS 
(Baker and Adamson), and NaCN (Baker Analyzed) were used to prepare soIutions 
for this study. 

Standard Ni(CIO& solutions were prepared by refluxing excess NiCO, in 
HCIOJ until the carbonate was removed as CO&), removing any excess NiC03 by 
Ntration, and adding sufficient HCIOJ to suppress hydrolysis of the Nizi. The 
resulting solutions gave a negative test for carbonate ion. The solutions were stan- 
dardized for Nizi by titration with a standard EDTA solution and for H’ by pH 
titration. The Zn(CIO_,), sohrtions were prepared by dissolving a weighed sampIe of 
zinc metal in excess HCIO,. The solutions were then standardized for Zn” with 
standard EDTA soiutions and for H’ by pH titration. Solutions of Cd(CIO& and 
Hg(CIO& were prepared by dissobing the corresponding metal oxides in a known 
excess of perchloric acid. In both cases the metal ion concentration was determined 
by conventionaI techniques and the acid concentration was determined by taking the 
difference between the tota.I CIO,- and meta ion concentrations_ Solutions of Hg(CN), 
were prepared by dissolving a weighed quantity of solid Hg(CN), in water. Sodium 
cyanide solutions were prepared fresh at Ieast every two to three days and were stored 
at 4’C to minimize decomposition_ AII NaCN soiutions were standardized daily 
against standard AgN03 soiutions in order to insure their reIiabiIi@. 

All solutions used in this study were prepared under a pure nitrogen atmosphere 
using freshly boiled, doubly distilied water of pH 6.5 to 6.8. 

Equilibriuin constcnt determinations 

The log K, values (i = I, 2, 3, 4) for the Cdzi-CN- and Iog A’,, for the 
Ni”-CN- systems were caIcuIated from pH titration data obtained by titrating 
dilute metal perchlorate solutions with NaCN at 10,35, and 40°C. Using this method 
equilibrium was attained rapidly in the Cd”-CN- system but sIowIy in the Ni’+- 
CN- system in which portions of the NaCN titrant were added every 4-6 h and the 
pH readings taken every 30 min to check the attainment of equilibrium. The pH 
measurements were made using a Model 10t9 Beckman Research pH meter or a 
Model 801 Orion IonaIyzer both fitted with Coming Glass and Beckman saturated 
caIome1 eIectrodes. The pH meters were standardized against National Bureau of 
Standards pH standard (potassium hydrogen phthaIate, borax, and phosphate) buffers_ 

The log Ko_r, log 1;; and log K4 values for the Zn”-CN- system at 10 and 
4O’C were determined by the same techniques as those previously used to study this 
system at 25’P. 

Heat deferminations 
The titration calorimetry procedure * ‘- i ’ and the equipment used r 6, inchrding 

modifications, have been described. 
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Heats of dilution were measured by titrating the standard NaCN titrant into 
boiled, doubly distilled water and into NaCN solutions and measuring the heat change 
under the same ionic si~cngth conditions as those used to study the metal cyanide 
systems, 

The amount of HCN v-oIatilized during the equilibrium constant and heat 
determinations was minimized by titrating all sohrtions in a closed vessel under a 
standing nitrogen atmosphere. Thz volume of gas (~30 ml for pH titrations, < 10 ml 
for heat determinations) above the solution was kept small to minimize HCN 
volatihzation. 

Vaiues of AHQoA for the Ni’+-CN- system at IO and 40 “C were determined by 
eation of Ni(ClO& solutions with NaCN solutions. 

Values of AH”,,_2, A Ho, and AHo for the ZnZC-CN- system were calculated 
from calorimetric data obtained at 10, 25 and 40°C by titrating 0.004 IM Zn(ClO.& 
solutions with NaCN solutions. The dilute Zn(CIO& solutions were used to avoid 
precipitation of Zn(CN), _ 

The- AH"i (i = I, 2, 3, 4) values for the Cd2*-CN- and Hg”-CN’ systems 
were obtained in each case from two sets of heat determinations at 10: 25, and 40°C. 
First, a M(CiOJ, sohttion was titrated with a NaCN solution to a CN-:M2+ ratio 
21. Then a second solution with an initial CN-:M2’ ratio of 2: 1 was titrated with a 
NaCN solution to a CN’:M2+ ratio greater than 42. 

In alI cases sufficient HCIO, was added to the M(ClO,), solutions to prevent 
hydrolysis of the M2 f species. 

Calculations 
Values for K (M = Ni, Zn, Cd) were calculated by procedures which have been 

described”~‘*_ 
A Debye-Hiickel expression of the form 

logy = 
-&p 

1 +- B&JL”~ 
-I- cz’p 

was used to convert the ion product of water”, the dissociation constant of HCN20~2’ 
and pH to corresponding concentration quantities valid at a given p vaiue. Eqn. (3) 
was also used to calculate the activity coefficients necessary to correct equilibrium 
constants to thermodynamic constants vahd at p = 0. In the cakzulation of ah 
activity coefficients the values 4.0 A and 0.3 for B and C, respectively, were used since 
these values gave thermodynamic constants independent of p. 

The method used to calculate AH values from the calorimetric titration data 
has been described22. For cafcufation purposes a typical run was divided into eighteen 
one-minute intervals. The measured heat was then corrected for nonchemical heat 
effects and heats of dilution, Literature values were used to make corrections for the 
heat of ionization of HCN’ ’ at IO,%, and 40°C and waterz3 at 25 “C. Values for the 
heat of ionization of water at 10 and 40°C and p = 0 were determined24 to be 14.21 
and 1261 kcai.moIe-‘, respectively. 

Xekmochim. Acru, 2 (1971) 77-85 
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In the case of the Cdzi-CN- and Hg”-CN- systems values of AH, and AH, 

were first approximated from the second set of runs and used to calculate AHI and 

AIF?, vahtes from the 6rst set of runs (see Hear d~rerminarions). These dH, and AH, 

values were then used to calculate new ilH, and AH, values from the second set of 
runs_ The process was repeated until successively calculated values for the consecutive 
heats, 3 H, through -1H,, x-ere obtained which agreed to within _t G-005 kcal _ moIe- * _ 

The p vaIues of the solutions were low o( -K 0.02) in ail cases. Previous 

experience3 with bivalent metal cyanide systems has shown that the dependence of 

AH on p in dilute aqueous soIutions is small compared to the error in measurement of 

the AH va.lues, therefore the measured 3 H values were taken to be B Ho vaiues vahd 

at p = 0. 

The calculations were aided by IBM 7040 and 360 computers_ 

RESULTS 

Thermodynamic quantities for the M”-CN- systems studied are summarized 
in Table I together with literature data. Values of ACPoi were obtained by fitting the 
A Hoi values for each system by a least squares process to a quadratic function in T. 
T.he function was then differentiated and the derivative evaluated at 25°C to give a 

A Cpo i value. The uncertainty in each _JC,Oi value is expressed as twice the standard 

deviation refIecting the greater uncertainty of this vaiue compared to the JHoi vaIue 

from which it is derived- 

The calorimetric and potentiometric titration da*ta for these systems are given 
elsewhere * 3* ’ =_ 

DECUESION 

The K values valid at p values other than zero reported by earlier workers6-g 
are in quaIitatise agreement with those reported here. The dNi values reported by 
Gerdino’ ’ for the Cd”-CN- svstem are valid in 1 M NaCIO, and, hence, are not D - 
comparabIe with those given here. 

A general discussion of the Ni”-, Zn”-, and Hg’*-CN- systems has 

appeared in previous papers in this series3- ’ and is not repeated here. The M ‘+-CN- 

systems studied here are characterized by the variety of species formed in aqueous 

soIution_ The data in Table I show that only the Cd’+-CN- system shows the 

behavior usually observed in the consecuiive addition of Iigands to a metaI ion, i.e., 

for the interaction of four CN- with Mtt the four Iog K vaIues decrease in a regular 

manner on& in the case of Cd’+. In contrast, the ZnCN* species is missing, NiCNi, 

Ni(QQ2 (as) and Ni(CN), are missing and there is a very large difference between the 

log K values for the consecutive formation of Hg(CN), (as) and Hg(CN),, respecti- 

v!eIy. These aspects of M’+ -CN- behavior have been discussed with respect to the 

individual sy%ems in previous papers 3- ‘_ The AC,’ vahres calculated in the present 

study allow us to examine this behavior in greater detail and to propose reasons for it, 
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The effect of AC,, on the free energy change of a reaction is nonlinear_ For 
example, assume that Eqn. (4) accurately describes the variation of AC, with tempera- 
ture. Eqns. (5) and (6) then follow from basic thermodynamics. 

AC, = a-i-bT (4) 

AH = aTf%c 
2 

(5) 

TAS = aTfnT+bT2+d (6) 

Depending on the magnitude of the coefficients of T in eqn. (6), the effect of AC, on 

T2JS may be larger than on AH. Therefore, d G may increase or decrease with 
temperature depending upon the relative magnitudes of the coefficients in Eqns. (4)- 

(6). 
The LJC,,O~ values given in TabIe I vary both in sign and magnitude for the 

various metai cyanide complexes. Such variations in the dC,Oi values point out a 

possible pitfall in comparin g the thermodynamic quantities for metal ion-ligand 
reactions at a singIe temperature. Species which are stable at room temperature may 
not form if the temperature is raised or lowered significantly and, furthermore, species 
absent at room temperature may be stable at other temperatures. 

The effect of temperature on the d Goi values for the Cd’ l -CN- system is shown 
in Fig. 1 which was constructed by first assuming that Eqn. (4) correctly describes the 
variation of AC, with temperature and then calculating values for a and b from the 

T-C 

Fig. 1. Plot of AG” values for the consecutive formation 
the Cd2+-CN- system. 

of the indicated species cs. temperature for 

experimental AH values. Values for AH and AS as a function of temperature were 
calculated from Eqns. Q and (6) using the experimental data at 25°C to evaluate the 
integration cons’tints. Free energy changes were then calcuIated from the relationship: 
AG = AH- TAX Fig. I is admittedly hypothetical and may be a gross simplification 
of the actual temperature variance of A G, but it does indicate that the stable species in 
solution may vary significantIy with temperature_ For example, at temperatures 

below - 175”, the Cd(CN), and Cd(Ch&2- species would be predicted to predominate 

Tkrmochirn. A&a, 2 (1971) 77-W 
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in soIution. This is simiiar to the behavior actuaIIy observed* for the 2%“-CN- system 

at 25’C. AIthough JIG, J H, and ilS values are not known for the formation of the 

ZKN i species at or near room temperature, the ZnCN’ species could be present in 

the system at higher or lower temperatures_ Above XO’C the CdCN’ and Cd(CN), 

species would be expected to predominate. These observations suggest that the 

apparent differences in the behavior of the NiZi-, Znzt-, Cd’*-, and Hg*‘- CN- 

systems are a consequence of the fact that these systems have been studied over 

a uery limited temperature range. Obviously, the extrapolation of AC, data measured 

over a 30” temperature range to a wide temperature range could lead to gross un- 

certainties in the pIotted data. However, it is consistent with the data reported in this 

study to say that stepwise behavior appears to be strongIy temperature dependent in 

these systems. It would be desirable to extend the data over a wider temperature range 

so that the AC, values could be more accurately described and these ideas be more 

rigorousIy tested. 

The effect of temperature on the JHoo4 values for the several MZi-CN- A 

systems is shown in Fig. 2. The temperature variation is comparabie for a11 four metal 
ions and particularly so for Nit’, Zn”, and Cd2’. This simiIarity in the several 

Fig_ Z Plot of AHo values for the reaction Mz* f-4 CN- --f M((3&‘- OS. temperature for M = Ni, 
a. Cd. Hs- 

M2+-CN- systems suggests there are no unusual soIvent interactions in these 

systems, which is expected since the three 8’ metal ions should be similar in this 

respect Furthermore, the ener,gy due to the Iigand field stabilization present in the 

Ni”-CN- system should be Iargely independent of temperature. These results 

suggest that the unusually high stabiIity of Hg(CN),‘- refative to the remaining 

M(cN),2- species Iarge!y disappears at very high and very Iow temperatures. 

It thus appears that whether a particular species is stable in any one of these 
M ‘+-CN- systems, and perhaps in other systems as well, is a result of the baIance of 

the relative magnitudes of the energies invoIved in complex formation rather than an 

inherent property of the eiement itseIf_ 
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