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ABSIRACT 

The formation constants of Cu(OH), Cu,(OH), and Cu,(OH), were determined 
by potentiometric measurements_ The enthalpy changes were obtained by direct 
calorimetry_ The species were individualized by statistic tests. The caIcuIated entropy 
changes were correlated with the assumed structure of the species present in the 
solution_ 

INTRODUCTION 

In order to continue our studies on the formation and stability of cupric ion 
mixed complexes in aqueous soIutio~~-~, it was ne&ssary, chosen the ligands, to 
investigate a pH range such as to include the hydrolysis of the cupric ion_ A number 
of authorsb-9 have determined both the various hydrolytic species and their constants. 
As they disagreed on the kind of species and did not work at an ionic strength of 
O-1 M (NaCIO,) aqueous sohrtion, we carried out the potentiometric measurements 
for determining stability constants. 

We thought it right to determine the hydrolysis constant values and to contri- 
bute to the knowkzdge of hydrolytic species of cupric ion in a slightiy acidic or 

neutral aqueous solution. For this reason we used the statistical analysis of our data_ 
We also determined the enthalpy change by direct calorimetry, referred to the 
formation of the hydrolytic species of the cupric ion. In the literature we found only a 
thermochemical work” concerning the equilibrium 2Cu2+ iZH,O = Cu,(OH)$+ i 
2H * at I = 3 M (Na)CIO, . The enthalpy change value, found by Perrin’, concerning 
the same equilibrium was obtained from temperature dependence of potentiometric 
dataatZ=O_ 

Reagents and solutions 

Cupric perchiorate was obtained from cupric basic carbonate and perchloric 
acid, and was recrysta&ed many times before use. The Cu(ClO& solutions were 
standardized by EDTA and mnrexide as indicator’ ‘. Preparation and standardization 
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of NaOH and HCIO, sohrtions were previously described’; NaCIOL was obtained 
as reported by Grcnthe I2 The solutions were kept at constant ionic &en_& _ 
I= O-1 iO_OOS M by the addition of NaCIOh. 

Pofentiomelric measurernent.s 

The potentiometric measurements were carried out by an Amel potentiometer 
Model 332, with an TngoId 201 NS glass and 303 NS calomel electrodes system. The 
titrations were performed in a 100 ml glass cell, thermostated at 25&O-l “C by a 
Color-a NB/DS 997 thermostat_ The t&ant was delivered by a IO ml motorized 
burette Amei Model 233. Magnetic stirring was employed, CO= was removed by 
blowing nitrogen, presaturated with a 0.1 M NaClO, solution. The initial analytical 
concentrations of the ions in the solutions werez 

[Cub= l-6 mM, ~=2~5nlM_ 

The first part of titration (pH t4) was used both to caIculate the E” vahxes of 
the potentiometric system, and to refine the MT vahre, because a smali systematic 
error in the MT value strongly affected the hydroIysis constants vahrcs. Sii inde- 
pendent titrations wit-h 114 points were performed. A pK, vaIue of 13_72+0_02 was 
obtained by acid-base titrations. 

The caiori13~tric m easurements were performed at 25+0_001 “C empIoying an 
LKB precision Caorimetcr Model 8700, and a lOO-mI LKB titration vessel Model 
8726-1, equipped with a SCK2 standard resistance and a XKKl-52 thermistor incor- 
porated in a dc. Wheat-stone bridge_ The out of balanaz signal amplified by means of 
a dc, null vohmeter (HewIett-Packard, Model 419 A), was fed to a strip chart recorder 
(Leeds and Northrup, Model Spezdomax TV). Electricai cahbration was made in such 
a way that the amount of heat used was as nearly identical as possiile with that 
measured in an actual experiment_ Scveral series of electrical calibrations- were 
carried out to test the reproducibility of the calorimetric system; the standard 
deviation of the E mean was always better than 0.1%. In order to check the accuracy 
of the calorimeter, a THAM buffer solution WP~ titrated with HCi standard sohrtion; 
the found entbaIpy change value of I I33+0_05 kcal mol- ‘, was in good agreement 
with the value obtained by Grenthe et al_ l 3 under the same experimental conditions. 
The accuracy of the caiorimeter was checked also by measuring the neutralization 
heat between HCIO, and NaOH standard solution at an ionic strength of 0.1 M. 
The enthaIpy change value was - 13.47+0.02 kcal mol” in good agreement with 
that (- 13.49) calculated from - 13-34 kcal mol- l at infinite diiutionx3-’ s_ The 
enthalpies of hydrolysis of Cu*’ were obtained from calorimetric titrations of 
Cu(ClOJ, soIutions 1-6 mM containing HCIO, 24 mM with NaCiOI added to 
maintain an ionic strength of 0.1 M, and thermostated until stabilization of the 
calorimetric sy?stem. The Want, NaOH 0-l M contained in a tefion spiral immersed 
into @e. same thermostatic bath (LKB Mode1 7603 A) as the titration vessel, was 
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delivered from a Radiometer motorized burette Model ABU 12B at 0.25 ml min-l, 
titha2.5d accuracy. Successive reagent additions and electrical calibrations were 
continued and the temperature of the contents of the calorimeter were restored to 
that of the thermostat bIowing a stream of cold nitrogen gas through a tube inserted 
in a glass well contained in the titration vessel. ParaIlel experiments were made of 
the heat of mixing of the NaOH solutions with o-1 M NaCIO, and the corrections 
were used in the cakulations. 

Calculations 
The hydrolysis wnstauts of cupric ion were caIeuIated by two computer 

programs, SCOGSB*6.3 and MINIQUAD”. Both refine the formation constants by 
Gauss Icast squares method, the tirst by minimizing the error squares sum: 

where oi is the tit-e, the second by minimizing the error squares sum: 

where C, are the anaIyticaI concentrations of 0.1’~ and H*. Simuhaneous refinement 
of the E” vaIue and the analytical concentration of the hydrogen ion were obtained 
by computer program ACBA”. This Frog-ram aliows the refinement, by the Gauss 
least squares method, of all the parameters of an acid-base titration by mmimking 
the error squares sum in titre, as in the SCOGSB computer program. 

The enthalpy change va.Iues were calculated by wmpmer program DOEC” 
that mix&&es the error squares sum: 

The standard deviations in titrc, by the SCOGSB and ACBA programs, were 
10m2; the standard deviations in the analytical concentrations, by the MlNlQUAD 
pro_oram, were tO.l%. In the refined value of [Hi]= and E” the standard deviations 
were about 0.05% and 0.1 mV, respectively; in Q_ values, by DOEC program, they 
were about 0.01 caI. 

The uncertainties in the JI and AH values were also calculated in terms of 
standard deviations and are reported in Tabks l-5. 

RESULTS AhlD DISCUSSION 

Our investigations were carried out in the range of l-6 mM cupric ion con- 
centration because this range is frequently used for the determination of thermo- 
dynamic parameters in aqueous soIution. The ionic strength was maintained & 
0.1 M+5%. This uncertainty allows a precision of about +O.OOZ IogarIthmic unities 
iu the activity coefIkients_ 
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In TabIe 1 hydrolysis constant values are reported. They were calculated by 
considering various hypotheses and by two computer programs. 

TABLE 1 

HYDRGLYSIS CONSTANTS OF 
COPPERCII) OBlAlNED USING DIFFERENT HYPOTHESES AND 
TWO COMPUTER PROGRAMS. AT 25°C AND Z= 0.1 M (NaClO,) 

progrpm -tog811 -Iogi%2 --log&h R= RiRo 

SCOGSB 7-72 IO-75 2138 O-W23 - 
- 10.65 21.59 o.oo29 126 
- IO-61 - OSlO36 IS-7 
8.49 10.62 - 0.0037 1.61 

MiNIQUAD 7.70 IO.75 2136 

The hydrolysis constants refer to the reactions 

pal”’ fqH,O = CuAOH)$‘-qi-qH* 

&4 = [cuJoH)$$-q ~H’]Q~Cu” +]p 

Zt is well known that only the fit of experimental data is not sufficient to 
establish the species in the solution as a coIlSequence of hydrolysis of a metaI ion. 
Thus we used Hamilton test2’ as proposed by Vacca et aL2’_ As &_r11.0_05 = 
I.05RJRo (see Table 1 and ref. 20), we can afiirm, at the 5% significance level, that 
the hydrolytic species are Cu(OHJ, Cu,(OH), and Cr.r,(OH),. Moreover, the values 
of the hydrolysis constants, obtained by the two different programs SCOGSB and 
MINIQUAD, coincide accurately and might indicate the absence of systematic 
errors which might effect, in a different way, the hydrolysis constants, 

In Table 2 the values of our hydrolysis constants together with those taken 
from the literature are reported. Our values agree with the other ones, considering the 

TAE?LE 2 

COMPARISON OF THE HYDROLYSIS CONSTANTS OF 
COPPER DEXERMINED BY DIFFERENT WORKERS 

McaGm (M) Temp. -kh1 

0 20°C - 
0 T@Q - 
I 18-C - 
0 25% 734 
o-1 h’aao, 2o’C - 
3 OCIOI 25-c - 
0-I (NaCIOd 25-C 7.71 f 0.05 

10.53 21.17 7 
38331 T-2497 - 7 
10.674X 1.58 Zsf2 - 7 
1057 - 8 
10.78 - 9 
10.6 - 6 
10.75fO.OI 21.37f0.04 this work 
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different experimental conditions and that in any case the monomeric or trimeric 
species is not accounted for_ It must be noted, particularly, that the monomeric 
species is negligibIe only for cupric ion concentrations greater than 6 mM because 
already at this analytical concentration the percentage of Cu(OH), at pH 6.0, is 
l-56 (8% of hydrolysed cupric ion) and becomes, at [CuJr 1 mM and pH 6-5, 4.36 
(16% of hydrolysed cupric ion). In Table 3 the percentages of formation of the species 
Cu(OH), Cu,(OH), and Cu,(OH), against the anaiytical concentration of the cupric 
ion are reported. This tabIe allows the evaluation of the actual weight of the reported 
species at pH 6.0 and 6.5. In Fig. 1 the distribution diagram of the hydrolytic species 
versus pH is reported. It was obtained by the computer progmm DISDIz2_ 

TABLE 3 

COMPUTED EQUILIBRIUM CONCENTRATIONS FOR 
COPPER(H)-HYDROXYL SPECIES AT 25°C AND I = 0-I M (NacI01) 

PH 

6wfXI 430 31x) I.50 I-00 osw O-45 

% Cu as CuOH 6.0 
6.5 

% Cu as Cue+ 6.0 
6.5 

% Cu as Cu,(OH)a 6-O 
6.5 

% cu hydraysal 6.0 
6-S 

1.56 l-62 I-70 l-78 l-81 I-81 
4.36 4.46 

14.26 11.62 8.46 4.64 320 290 
18.60 17.50 

246 l-56 O-778 0.24 0.12 0.09 
174 Ail 

18.27 14.80 IO.95 6.66 5.13 4.80 
27.70 26.07 

1.84 
4.98 

1.50 
10.94 

0.03 
l-44 

3.37 
17.36 

-W-1\ 
cm_ 

5 6 7 PH 

Fig. I_ Distribution diagram for copper (II)-bydroxyl species at 25°C and I = 0.1 M NaC104. 

In Table 4 the cupric ion AH hydrolysis vaIues together with some data taken 
from the literature are reported_ The agreement of AH,, vaIues is good, considering 
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azle difkretnt expeximental conditions; AH,, and AE?34 values were not found in the 
&erature~ HamiIton’s test on calorimetric data confirmed the hydrolytic species 
found by poteutiometric measurements- 

TABLE 4 

HEATS OF FORMATION OF COPPER HYDROXOCOMPLEXES 

T Cc) I(M) MdWd= Ml1 dWzr A&4 &K 

2s 
- 
25 

Cal 
td 
Cal 

(1 l-12)* 
- 
8SSO_7 

IS.8 
17.5 
18Af0_4 

- 
- 
26fI 

10 
7 

ulis 
wark 

In T&de 5 ti the thermodynamic parameters referring to the hydrolysis of the 
cupric ion aud calcukted by potentiometric and caIorimetric data are reported_ 

TABLE 5 

Iog EQUILIBRIUM CONSANT, AG, AI% 
AND AS IJALUES FOR THE HYDROLYSIS OF 
COPPJZR(hj AT 25’C AND I=O.IM (N&l02 

AC AH As 

~~+-+HzO=Cu(OH)+iH+ (0 -7-72 1052 85 -7 
2~u’++2H,O =Cu&OHZ++2H+ - IO.75 14.65 18.4 -13 
3Cn=+ i-4Hr0 = Cu,(OH):*f4H’ :; -21.38 W-14 26 --II 
Crx=++OH- = CLl<oH)* (4) 6.00 -8.18 -s-o II 
2Ca=+ +20H- = Cul(OH);* (5) 16.69 -22-7s -85 48 
3Cu=+ f40H- = CP,(OH):+ (6) 33.50 -45.66 -28 59 
2Cu(oH)+ = Cth(oHx+ 0 4.69 -6.39 1.5 28 

Perrin’ put forward some hypothesis about the structure of the dimeric and 
trimeric species in agreement with what Martellz3 also proposed for the hydroIytic 
species of cupric ion compIexes_ 

Such a suggestion can be reconfirmed by the AH and AS values found by us 
which are reported here; in particular the high AS values referring to the equilibria 
(refk 5-7, Table 5) could be explained by the formation of chelate rings. 

We wish to acknowkdge the financial suppoti of the “Consiglio NazionaIe 
delIe Ricer&e” (Rome) for this work_ 



321 

REFERENCES 

1 R- P. Bonomo. S. Musumeci. E Rizzarelli and S_ Sammartano, Znurg_ C&n. Acra. 14 (197s) 251. 
2 R P- Bonomo, S- Musumcci. E. F&zarcUi and S. Sammartano, Talona, 23 (1976) 253. 
3 R. Maggiorc, S. Musumcci, E RiireIli and S. S- 0, Znorg. Chim. Acfa, IS (1976) 15X 
4 R P_ Bcmomo. S. Musumeci. E RizzarclIi and S. Sammanano, f. Znorg. NucZ_ Cirem-, in press- 
5 A. Cassol. R- Maggiore. S. Musumeci, E RizzareIii and S. Sammxtan 0, VZZ Concegrw Naz 

Cfzim. Znorg.., Pesaro, 1974, D4- 

6 C- Berecki-Bitdermann. Rrk. Kemi, 9 (1956) 175. 
7 D_ D. Pen-in, J_ C&m_ Sot-. (1960) 3189_ 
8 F- Achenza. ANL Chim_ (Zrufy). 54 (1964) 290. 
9 H. Wcngcr, Diwrrorion, Eidgenossische Technische Hochschule, Zurich. 19fi4_ 

IO R. Amck and C. C. Patd, Acra Chem- Scan& 22 (1968) 1097_ 

11 H- k Flaschka, EaT.4 Tilrnfiary Pcrgamon Press. London. 1959. 
I2 I. Grcnthc and D. R. Williams, Acre C/rcn- Scnnd, 21 (1967) 341- 
13 I. Grcnthe, H, OIS and 0, Ginstrup. Acta Ckem. &ad-, 24 (1970) 1067, 
14 J. D. Halt, R. M. Latt and J- J. Christensen, J- Whys- Chem., 67 (1963) 2605. 
15 C-E-VandeazeeandJ_kS wanson, J. Phys- Gem., 67 (1963) 2608. 
16 I- G. Sayce, TaZanru. I5 (1968) 1397, 

17 A. Sabatini, A- Vacca and P_ Gans, TaZanfq 21 (1974) 53- 
18 G- Arena, C Rigaao. E Rizarelli and S. Sammartano. work in progress. 
19 C Rigano. E- Rizzarelii and S_ sammartano. work in progress. 
20 W. C. Hamilton, Staristics in Physicai Sciences. Ronald Press, New York, I964_ 
21 k Vact;i, k Sabatini and Me X Grist&a. GwrcL Gem_ Rec.. 8 (1972) 4% 

22 R. Maggioxz, S. Musumeci and S_ Sam mztano. T&maw 23 (1976) 43. 
23 A. E Martell, in Coordination Chemisny in Solmion, Trans R_ Inst. Technol., Stockholm, 1972, 

p. I. 


