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The formation of complexes of Cu(I1) in KCI-AICI, melts at 300 OC (in some cases saturated with CuC12) has been studied by 
potentiometric and spectrophotometric measurements. With the Cu(I1) concentration in the range 0.10-1 M and with the pC1 
range 0.38-6.0 the results could be explained by the following equilibria: (i) CuCId2- F! CuC1,- + C1-; (ii) CuC1,- F! CuC12 + 
C1-; (iii) CuCl, ~i CuCl+ + C1-; (iv) CuCl,(sotn) F! CuC12(s). pKvalues (based on molar concentrations) for reactions i-iii: for 
0.10 M Cu(II), 1.14 (4), 3.17 (26), 5.4 (3); for 0.31 M Cu(II), 0.99 (2), 3.29 (2), no value found; for 1 M Cu(II), 0.79 (4), 3.55 
(3), no value found. By comparison, the pK for reaction i calculated from spectrophotometric measurements on 0.10 M solutions 
of Cu(I1) in KC1-AlCI, melts at 300 "C was in the range -0.1 to +1.9. The maximum obtainable molar concentration of CuC1, 
(determined by reaction iv) was from the potentiometric measurements calculated to be 0.005 (3). This is in good agreement 
with a value of 0.0031 (8) obtained from the spectrophotometric measurements. Finally, the spectra of CuC1,2-, CuClC, and CuCI2 
were calculated from measured spectra of KCl-AICl3-CuCl2 melts. 

Introduction 
The Cu(I1) complexes formed in the KC1-AlCl3-CuCl2 system 

were examined as part of a general examination of solute species 
in chloroaluminate melts. However, it is also interesting to note 
that related systems such as KC1-CuClz/CuC1-LaCl3 and 
KCl~Cl /CuC121-3  melts have industrial applications due to their 
catalytic properties. 

Not much work has been performed concerning the identity 
of the formed Cu(I1) species in the related alkali chloride melts,&' 
and almost nothing seems to be known of the species in alkali 
chloride-aluminum chloride melts; however, an examination of 
CuC12 in liquid aluminum chloride has been reported.* 

In melts with very high chloride activity such as molten CsC1,6 
the presence of the tetrahedral coordinate copper(I1) was based 
on comparison with solid Cs2CuC14 and Cs2ZnC14 (doped with 
Cu2+), which both have known crystal structures. Also in the 
LiCl-KCl eutectic melt the observed spectra of Cu(I1) were 
believed to be due to tetrahedral coordinate copper(II), though 
somewhat d i ~ t o r t e d . ~  

Due to the rather few experiments made on chloride melts, it 
is useful to compare these results with experiments made in other 
nonaqueous solvents such as ace t~ni t r i le ,~ . '~  anhydrous acetic 
acid," dimethy1formamide,l2 propylene carbonate,13 and dimethyl 
su1f0xide.l~ The main results of these measurements seem to 
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(a) Riegel, H.; Schindler, H. D.; Sze, M. C. Chem. Eng. Prog. 1973, 
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indicate formation in the dilute systems of the mononuclear 
complexes CuCl', CuCl,, CuC13-, and CuC14,-. The complexes 
are in some cases strongly solvated in some cases probably very 
weakly solvated. 

In connection with an examination of acidic chloroaluminate 
melts, it is also interesting to make comparison with recent results 
on complex formatidn in the gaseous phase between CuCl, and 
aluminum chloride. Raman and visible-ultraviolet spectra have 
shown that copper(I1) chloride forms gas-phase complexes such 
as CuAl2Cls and CuA1C15.1e16 The most likely structure of the 
first compound is a distorted-octahedral structure (with AlC14- 
as a tridentate ligand) or a square-planar structure (with AlCl; 
as a bidentate ligand1'). The structure of the second compound 
can be visualized as a tetracoordinated copper atom with one 
chloride and one tridentate AlC14- ligand. 

Experimental Section 
The chemicals used for the solvent were prepared in the same way as 

in recent work dealing with KCI-AlC1, melts.I8 The CuC12 used was 
obtained by a method described and evaluated previo~sly.'~ 

In some of the experiments where it was necessary to add very small 
amounts of copper to the melt, a special procedure was applied. The 
phase diagram for aluminum-copperm shows that with a copper content 
smaller than 5.65 wt % completely miscibility in the solid phase is ob- 
tained at 548 OC. The solubility of copper in aluminum decreases rapidly 
as the temperature decreases; however, in alloys with less than 4-5 wt 
% copper it is easy to keep the copper homogeneously dissolved in the 
aluminum by rapid cooling to room temperature. An alloy containing 
98.49 wt % aluminum (99.999% pure) and 1.51 wt % Cu (99.99% pure) 

(14) Emmenegger, F. P.; Rohrbasser, C.; SchlBpfer, C. W. Inorg. Nucl. 
Chem. Lett. 1976,12, 127. 

(15) Schliipfer, C. W.; Rohrbasser, C. Inorg. Chem. 1978, 17, 1623. 
(16) Papatheodorou, G. N.; Capote, M. A. J. Chem. Phys. 1978,69,2067. 
(17) Brooker, M. H.; Papatheodorou, G. N. In 'Advances in Molten Salt 

Chemistrv": Mamantov. G.. Ed.: Elsevier: Amsterdam. Oxford. New - 
1962, 93, 1416. 
Sawada, K.; Ohtaki, H.; Tanah, M. J.  Inorg. Nucl. Chem. 1972, 34, 
3455. A 1978, A32, 837. 
Elleb, M.; Meullemeestre, J.; Schwing-Weil, M. J.; Vierling, F. Inorg. 
Chem. 1980, 19, 2699. 
Elleh, M.; Meullemeestre, J.; Schwing-Weil, M. .; Vierling, F. Inorg. 
Chem. 1982, 21, 1477. 
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Interscience: New York, London, 1963; Vol. 1, p 958. 
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was prepared under a cover of argon (<0.1 ppm Oz). As an extra 
precaution (against formation of nitride) the resulting alloy was weighed 
after the mixing had taken place. (It was found that the weight of the 
alloy was within 0.01 mg identical with the weight of the used metals.) 

All handling of the solid salts was performed in a nitrogen-filled 
glovebox with continuous gas purification by forced recirculation through 
external molecular sieves. 

The electrochemical cells were made of Pyrex with glassy-carbon-rod 
electrodes (Carbone-Lorraine) fused into the bottom. The cells were 
filled with chlorine (Fluka >99.9%) at various pressures. One problem 
encountered in the present work was that at high acidity (Le., at high pC1 
values) Cu(I1) tended to be reduced to Cu(1). In order to diminish this 
tendency, pressures of up to 8 atm chlorine were used. Pressures of more 
than 1 atm were achieved by freezing the chlorine with liquid N2 before 
sealing the cell. The type of furnace used for the potentiometric mea- 
surements has been described previously.21 

The optical cells were of fused quartz. Short path length (less than 
0.1 mm) was obtained by placing precision-ground fused-silica inserts into 
5-mm cells. The spectra were measured with a Cary 14R spectropho- 
tometer equipped with a system for punching out spectral data on paper 
tape. 

As in the case of the potentiometric measurements at high pC1 values 
(i.e. higher than 5.5), it was necessary to keep a pressure of more than 
1 atm above the melt. In one case especially this was a serious problem 
because of the absorption due to the chlorine band around 32 X IO3 an-’. 
In this case in order to obtain the highest reproducibility it was necessary 
to add the copper chloride enclosed in a small easily breakable ampule. 
The absorption due only to the added CuClZ could then be obtained as 
the difference between a spectrum measured before and after the ampule 
was broken (and CuC12 dissolved). With this procedure, no change in 
chlorine pressure occurs since the pressures in the ampule and the cell 
were equal (0.5 atm at room temperature). 

The temperatures in the present work were measured by chromel- 
alumel thermocouples calibrated to within f0.5 O C  at the freezing points 
of pure tin, lead, and zinc. 

General Considerations 
The initial molar amount of one of the added substances (in 

the present work KCl, AlCl,, CuC12, or Cu (in Al-Cu alloy)) 
dissolved in 1 L of melt is defined as its formality, C’. The pC1 
is defined as the negative logarithm of the chloride ion concen- 
tration (in molar units). The formal absorptivity is defined by 
A/lC’, where A is the absorbance (corrected for the absorbance 
of the cell and solvent) and 1 is the path length. The compositions 
of the melts are given either in mole fractions such as XKcI, XacI,, 
or Xcucll or in the notation KCl/AlC13/C~C12. The KCl/ 
AlCI3/CuCl2 notation is used to indicate the molar ratios of KCl, 
AlCl,, and CuC12 that were weighed. This is so because in some 
melts precipitations occur that affect the relative amounts of the 
weighed substances. The densities necessary for calculation of 
molar and formal concentration were obtained from the work of 
Morrey and Carter22 and Andreasen et al.23 

The electrochemical cell used for the potentiometric mea- 
surements was of the type glassy ~arbon,Cl~ICl-~(KCl-AlCl~- 
CuC1,)lceramic pin~C1-II(KC1,,-A1C13)~C12,glassy carbon. I and 
I1 refer to the measurement and reference compartments, re- 
spectively. It has previously been shown24 that the cell voltage 
(AE) of similar type concentration cells measuring the chloride 
activity in KCl-AlC1, melts is (within the experimental uncer- 
tainty) given by eq 1 in the compositional range of 47-52 mol 
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increased in order to examine the deviations obtained by exceeding 
these limits (i.e., 47-52 mol % for KCl or 53-48 mol % for AlCl,). 
However, also in the case where a high concentration of Cu(I1) 
is present, the system is treated as for the more ideal systems 
assuming eq 1 to be correct. This means that the pC1 of the melt 
is expressed by eq 2 where pCIII is the pC1 of the melt saturated 

(2) pClr = - (F / (RT In 10))AE + pCIIr 

with KCl. The average experimental coordination number ri is 
defined in the normal wayZkz6 complexes in solution. In the 
present case where we are dealing with solute species with a limited 
solubility, it is, however, important to define a number that can 
be used when a precipitate is present and in this way utilize a larger 
compositional range. Such a number can be expressed by fi’, which 
is defined in eq 3, where ncuc12,w is the number of moles of CuC1, 

r i ’ =  (C’KcI + 3CiIc1, + 2ncuc~,,w/V- [Cl-] - 4[AlCl,-] - 
7[A1ZC1f1 - 10[A13C110-l - 6[A12C161)V/nCuCl~,w (3) 

that were weighed (but not necessarily the number of moles in 
solution) and Vis the volume of the melt. The difference between 
fi’ and ti is therefore in the present case only a matter whether 
one considers the moles of CuCl, that were weighed or the actual 
number of moles of CuCl, in solution. The concentrations of 
AlC14-, A12C17-, and Al3ClIo- were calculated on the basis of the 
pK values obtained for the self-dissociation of the KCl-AlCl, 
solvent at 300 O C Z 7  (Le., (i) 2AlCl.,- s A12C17- + Cl-, (ii) 3A12C17- 
P 2A13Cllo- + C1-, and (iii) 2Al3ClIo- P 3A12C16(soln) + 2C1-, 
with pK values 7.80, 7.3, and 14.5, respectively). 

The evaluation of the importance of various possible complexes 
of Cu(I1) formed is (as in previous work2*) based on a general 
model expressed by eq 4-6, where u,, xi, y,, and z, are all integers. 
From the model put forward to explain the changes in the melt 
(for example, eq 4 and 5) and from arbitrarily chosen equilibrium 

U1cUc142-  cUuIclz12ui-z1 +(4U1 - 2l)Cl- (4) 

0 2 c u u l c l z I ~ ~ ~ - ~ ~  ?2 X2CUy2Clz~Y2-~2 + (ZIUZ - x2z2)Cl- (5) 

(6) UiCU~r~Clzr~2y1-1-z~~1 P x,C~, ,Cl ,~”~’~  + (Zi-lU, - x,z,)Cl- 

constants, the concentration of each species can be calculated. 
These values can be used to calculate an ri value that can be 
compared with the experimentally determined value of ri .  The 
best values of the equilibrium constants (Le., giving the minimum 
deviations between measured and calculated values) can be found 
by a computer program that furthermore calculates the minimum 
variance for each model. The ratio between the so-obtained 
minimum variances for different models and the model giving the 
lowest minimum variance (since experimental variances could not 
be obtained in the present case) is then compared. On the basis 
of an F-test, the distinction was made between models with a 
probability of more or less than 90%. In the tables each model 
with probability higher than 90% is marked with an asterisk. 

The spectra obtained were treated by a linear least-squares 
method developed especially for our spectral Similar 
methods are known from the l i t e r a t ~ r e . ~ ~ , ~ ~  The method used = (-RT/F) In ( [~~-111/ [~~-11)  (1) 

% KCl (or 53-48 mol % AlCl,). In this case, the higher limit 
of ca. 52 mol % KCl was due to the rather low solubility of KCl 
in KA1Cl4 a t  300 O C .  The lower limit of ca. 47 mol % was 
obtained on the basis of estimations over variations in activity 
coefficients and estimations of errors due to neglecting some of 
the terms in the general equation for the potential. In the present 
case the concentration of Cu(I1) in some of the experiments is 

(21) Andreasen, H. A.; Bjerrum, N. J.; Foverskov, C. E. Rev. Sci. Instrum. 
1977,48, 1340. 

(22) Morrey, J. R.; Carter, D. G. J. Chem. Eng. Data 1968, 13, 94. 
(23) Andreasen, H. A.; Mahan, A.; Bjerrum, N. J. J.  Chem. Eng. Data 1981, 

26, 195. 
(24) von Earner, J. H.; Bjerrum, N. J. Inorg. Chem. 1973, 12, 1891. 

Bjerrum, N. Kgl. Danske Vidensk. Selsk. Skr., Nat.-Mai. Afd. 1915, 

Bjerrum, J. ‘Metal Ammine Formation in Aqueous Solution”; P. Haase 
and Son: Copenhagen, 1941, reprinted 1957. 
Brekke, P. B.; von Barner, J. H.; Bjerrum, N. J. Inorg. Chem. 1979.18, 
1372. 
Andreasen, H. A.; Bjerrum, N. J. Inorg. Chem. 1978, 17, 3605. 
Fehrmann, R.; Bjerrum, N. J.; Andreasen, H. A. Inorg. Chem. 1975, 
14, 2259. 
Fehrmann, R.; Bjerrum, N. J.; Poulsen, F. W. Inorg. Chem. 1978,17, 
1195. 
Fehrmann, R.; Bjcrrum, N. J.; Pedersen, E. Inorg. Chem. 1982, 21, 
1497. 
Lieto, L. R. Thesis, 1969; Report ORNL-TM-2714; Oak Ridge Na- 
tional Laboratory: Oak Ridge, TN, 1969. 
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Figure 1. Average experimental coordination number (with precipitate 
included) ( f i ?  for Cu(I1) in KCl-AIC13 at 300 OC as a function of pC1. 
The formal concentration of CuC12 (at the pC1 ranges where 00 precip- 
itate was present) were as follows: A, 0.10 M CuCl,; B, 0.31 M CuCI2; 
C, 1 M CuC12. Calculated values of f i  are indicated by full curves. The 
dashed curves show as hypothetical extrapolations what would happen 
if no precipitation occurred. The vertical dashed lines show the limiting 
pC1, due to saturation with KCl. 

is based on the Bouguer-Beer law and the law of additive ab- 
sorbances expressed as a general equation involving three m a t r i m  
(eq 7), where 1, is the path length a t  the mth composition, Cmi 

--. 
1 01 I 

PCI 

(7) 
is the concentration of the ith species for the mth composition, 
e&,,') is the molar absorptivity of the ith species at the wavenumber 
v,,', and A&,,') is the total absorbance of the mth composition 
a t  the wavenumber v,,'. 

This equation can be solved for a set of equilibrium constants 
associated with a given model (eq 4-6), and the corresponding 

(33) Bjarck, A. BIT 1967, 7, 1,257. 

Table I. Values of Weighed Molar Ratios and Cell Potentials for 
KCl-A1Cl3-CuCl2 at 300 OC and with 0.10 M CuC12 in Melts 
without Precipitate 

weighed molar ratios 
-AE, mV KCl/AlC13/CuC12 

13.68 0.5 1 651 
23.18 0.5141, 
30.98 0.51229 
30.98 0.5 1229 
31.34 0.51221 
43.17 0.51005 
69.84 0.50658 
70.56 0.50652 
70.81 0.50645 
87.45 0.50494 

128.9 0.50231 
147.2 0.50 169 
173.8 0.50095 
196.0 0.50032 
198.7 0.50017 
203.8 0.49989 
204.3 0.49984 
208.4 0.49976 
216.4 0.49888 
225.0 0.49835 
240.9 0.49765 
280.5 0.49685 
293.1 0.49694 
296.5 0.49665 
300.1 0.49641 
417.8 0.49608 
427.9 0.49608 
533.3 0.49374 
577.5 0.49004 
653.4 0.46592 

110.2 0.5033, 

0.47690 
0.47923 

0.48 122 
0.48131 
0.48343 
0.48687 
0.48693 
0.48699 
0.48848 
0.490 14 
0.491 lo 

0.49249 
0.4931, 
0.49327 
0.49321 

0.49477 
0.49429 
0.49481 
0.49560 
0.49639 
0.49648 
0.49661 
0.49688 
0.49720 
0.49720 
0.49960 
0.50335 
0.52724 

0.48 12, 

0.49 176 

0.49336 

0.00660 
0.00663 
0.00648 
0.00649 
0.00641 
0.00652 
0.00655 
0.00655 
0.00656 
0.00658 
0.00655 
0.00654 
0.00655 
0.00655 
0.00656 
0.00655 
0.00684' 

0.00547' 
0.00683' 
0.00678" 
0.00675" 
0.00676" 
0.00658' 
0.00674" 

0.00672' 
0.00672' 

0.00680' 

0.0067," 

0.00666' 
O.OO66," 
0.00684"3b 

' Visible precipitate present in melt. *Chlorine pressure above melt 
ca. 8.2 atm (in contrast to the normally used pressure of ca. 1 atm). 

Table 11. Values of Weighed Molar Ratios and Cell Potentials for 
KC1-A1Cl3CuCl2 at 300 OC and with 0.31 M CuC12 in Melts 
without Precipitate 

weighed molar ratios 
-AE, mV KCI/AlCl,/CuC12 

20.1, 0,51957 0.46065 
21.70 0.51916 0.46 105 
29.33 0.51730 0.46286 
37.62 0.51547 0.46471 
43.30 0,51453 0.46565 
53.8, 0.51257 0.46760 
54.53 0.51258 0.46755 
58.35 0.51188 0.46825 
56.74 0.51196 0.46819 

100.5 0.50608 0.47398 
137.2 0.50296 0.4 7 6 9 6 
165.8 0.49989 0.48006 
178.5 0.49641 0.48360 
200.7 0.49328 0.48660 
285.6 0.4901, 0.4 8 9 6 5 

488.1 0.48820 0.49144 

"Visible precipitate present in melt. 

0.01978 
0.01979 
0.01984 
0.01982 
0.01982 
0.01983 
0.01987 
0.01981 
0.01986 
0.01995 
0.0200~ 
0.o20o6a 
0.02000" 
0.02012" 
0.0202," 
0.2031 

spectra of the individual species can be plotted. The  computer 
program can, by changing the equilibrium constants systematically, 
lead to the equilibrium constants that give the minimum deviation 
(i.e., least squares) between the measured and calculated spectra. 

Results and Discussion 
Potentiometric Measurements. One of the problems in the 

present investigation, and many other investigations dealing with 
solutions of metal chlorides in chloroaluminate melts, is the low 
solubility encountered for these salts at pC1 values around the point 
of neutrality. As described in General Considerations a new 
number rf' (instead of i i )  was defined so that it was possible to 
extract some more useful information from these saturated so- 
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already mentioned in General Considerations) that the limits in 
the compositional range for the solvent of 47-52 mol % KCl (or 
53-48 mol % A1Cl3) are exceeded for the solution containing 1 
M CuCl,, and care should be taken in the evaluation of the results 
obtained at  this concentration. 

In order to examine whether the reactions given in eq 8 and 
9 really give the best description of the system, an examination 
of the general equations (4)-(6) was persuaded. The results of 
such an examination is shown in Tables IV and V. This exam- 
ination was of course limited to the basic part of the system where 
no precipitation occurred. The concentration ranges examined 
are as already mentioned rather small, which seriously limits the 
usefulness of this procedure, especially a t  higher Cu(I1) concen- 
trations (whereas it is difficult a t  low concentrations to obtain 
high enough accuracy to make a valuable examination). In the 
present case the examination has been limited to the 0.10 and 0.31 
M solutions. Models with higher than 90% probability (compared 
with the lowest minimum variances) are marked with asterisks 
in Tables IV and V. From Table IV it is clear that the significantly 
preferable model for the first step in the dissociation of CuCld2- 
is formation of CuC1< (Le., eq 8), whereas there are more pos- 
sibilities for the next step. The lowest variance is, however, 
obtained for formation of CuCl, (i.e., eq 9). For the 0.31 M 
solution (Table V) the picture is almost the same, with CuC13- 
as the best choice for the first dissociation product. As in the case 
of 0.10 M CuClz there are more possibilities for the next step; 
however, the formation of CuC1, gives a very low variance. From 
these results it seems safe to conclude (not taking solutions with 
very high concentrations of Cu(1I) in consideration) that the next 
significantly stable species after CuCh” with rise of pC1 is CuC1< 
(Le., eq 8). The next step is probably represented by eq 9, but 
this is not certain. However, by including the measurements on 
the saturated systems it is possible to say something more definite 
about the reliability of eq 9. Since we know from X-ray powder 
diagrams that the precipitate consists of solid CuCl,, a solubility 
reaction must involve CuCl, (as given in eq 11) or a polymer of 
CuC1, such as Cu2C14 or Cu3C16. The calculated solubilities for 
such species are given in Table VI. It can be seen that the 
solubility calculated by using the model involving CuCl, is much 
lower than for the model involving CuzC14 or Cu3C16. A com- 
parison with the solubility determined by a spectrophotometric 

Table 111. Values of Weighed Molar Ratios and Cell Potentials for 
KCI-A1CI3-CuCl2 at 300 ‘C and with 1 M‘ CuCI, in Melts without 
Precipitate 

weighed molar ratios 
-AE, mV 

29.80 

39.91 
33.73 

74.4, 
120.0 
144.8 
279.2 
337.1 

KC1/A1C13/CuC12 

0.52886 0.40972 0.06143 

0.52753 0.40925 0.06322 
0.51646 0.421 16 0.06239 
0.50746 0.42438 0.06816 

0.53021 0.40692 0.0628~ 

0.49003 0.4414, 0.06850~ 
0.46734 0.46801 0.O646Sb 
0.46695 0.46845 0.06460~ 

“The concentration of Cu(I1) varied between 0.99 and 1.08 M (av- 
erage 1.02 (4) M). bVisible precipitate present in melt. 

lutions. In Tables 1-111 are given the measured potentials for a 
series of concentration cells with either completely dissolved or 
partly dissolved CuCl,. In Figure 1 is given three plots of the ii’ 
values (at three different concentrations) vs. the pC1 of the solution. 
The full curves in Figure 1 are calculated on the basis of the 
self-dissociation reaction for the solvent (described in General 
Consideration) and a stepwise dissolution of CuC12- to CuCl+, 
i.e. the reactions 

( 8 )  cuc142- i- cuc13- + c1- 
cuc13- $ CUCl, + c1- (9)  

CuCl, i- CUCl+ + c1- (10) 

CuC12(soln) s CuClz(s) (11) 

with equilibrium constants K1, Kz, and K3 for the first three 
equilibria (Le., (8)-(lo)), respectively. It will later be shown that 
these are in fact (except for eq 10 where not enough experiments 
are available) the equilibria giving the best agreement between 
the measured and calculated values. The dashed curves show by 
hypothetical extrapolations what the curves would look like if no 
precipitation occurred and the equilibrium constants for the re- 
actions remained the same. The vertical dashed lines show the 
limiting pC1, due to saturation with KCl. It should be noted (as 

Table IV. Minimum Variances (X104)” Based on Potentiometric Measurements for Modelsb for 0.10 M CuClz in KCl-AlC1, at 300 ‘C 
c u u I c I ~ l ~ ~ - ~ l  

CUy2C1,,2y“2 cu2c1,3- CuC13- cuzc162- CU2CI< CUCl2 CU2Cl4 CUCI+ cu2+ 
no complex C 3 1.94 30.35 624.8 959.3 1393.3 1519.7 1736.7 
cuc13- 34.23 
CU*C&2- 23.0 21.73 
CU2CI< 104.4 2.49* 25.07 
CUCl2 112.2 2.09* 24.55 1451.2 
cu2c14 228.3 3.10* 20.19 671.0 1272.6 
cuc1+ 226.4 3.06* 20.1 1 740.6 2132.0 2851.6 
cu2+ 285.3 4.14* 18.49 699.2 1540.5 2087.2 1628.4 

‘Number of measurements, 16. bGiven generally by ulCuC1:- i- Cu,IClr,2ul-zl + (4Ul - zl)C1- and u2Cu,IC1z,z~-z~ = x2Cuy2C1z22y2-z2 + (zIu2 - 
x2z2)C1-. CThere is no reason to make a calculation here, since ii cannot be lower than 3.5 for this model. dAsterisks are based on F0.10(14.14) = 2.03 
(for two-equilibria models) and Fo.lo(15.14) = 2.01 (for one-equilibrium models). 

Table V. Minimum Variances (X104)‘ Based on Potentiometric Measurements for Modelsb for 0.31 M CuC12 in KCI-A1Cl3 at 300 ‘C 
Cu,,.C1..~I-Zl 

c u , , c 1 , ~ ~ * ~  cuzc1;- cuc1,- cu2c162- cu2c15- CUCI, CU2Cl4 cuc1+ cu2+ 
no complex C 7.88 14.43 462.3 628.8 1040.6 1037.5 1142.8 

cU2c16’- 5.06 4.35.d 

CUCl2 17.49 1.97. 16.50 593.7 

cuc13- 8.72 

cu2c15- 20.49 1.88* 16.10 

CU2Cl4 50.26 2.58* 16.05 514.8 700.8 
CUCI+ 45.31 2.52* 16.06 593.8 700.3 3076.3 
cu2+ 61.86 3.03* 16.04 540.5 1104.2 2055.4 1161.5 

‘Number of measurements, 11. bGiven generally by uICuC14*- a Cu,lC1,12uI-r~ + (4u, - z,)CI- and u2CuulC1,12u~-z~ a x2Cuy,C1,~~~-z2 + (zIu2 - 
x~z~)CI-.  ‘There is no reason to make a calculation here, since ii cannot be lower than 3.5 for this model. dAsterisks are based on F0.,0(9.9) = 2.44 
(for two-equilibria models) and F0,10(10.9) = 2.42 (for one-equilibrium models). 
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Table VI. Solubilities (mol/L) Calculated from Potentiometric 
Measurements" for Different Possible Models* 

Y2 = 1 Y 2  = 2 Y2 = 3 
0.005 (3) 0.014 (3) 0.017 (6) 

"Total concentration of Cu(I1) in the ranges where no precipitate is 
present is 0.10 mol/L. bCu,,C12,2. 

Table VII. pK Values for Cu(I1) Equilibria in KAlC14 Based on Cell 
Potentials 

0.10 M 0.31 M 1 Mb 
eauilibria CUCl,' CUCl," CUC1," 

~ 

CuC142- e CuCIc + C1- 1.14 (4) 0.99 (2) 0.79 (4) 

CuCI, F? CuCI+ + CI- 5.38 (30) c C 
CuCl< s CuCl2 + C1- 3.17 (26) 3.29 (2) 3.55 (3) 

"The concentration is only valid for the pC1 ranges where no pre- 
cipitate is present. bThe concentration of Cu(I1) varied between 0.99 
and 1.08 M (average 1.02 (4) M). cNo value could be calculated here 
to the lack of data, instead the value 5.38 found for a 0.10 M solution 
of CuCI2 was used in order to obtain the values for pK, and pK2. 

method (to be described later) shows that the value obtained by 
assuming CuCl,(soln) as the formula for the dissolved copper 
chloride gives a value very close to the one obtained by the 
spectrophotometric method (namely 0.0031 (8) mol/L). 
Therefore, eq 9 must be considered a significantly better model 
than the one involving CuzC14(soln) or Cu3C16(soln) (even if the 
uncertainty in the values is taken into consideration). 

The curves shown in Figure 1 are calculated by including eq 
10 in the calculations. At present we are not able to verify the 
existence of this equilibrium. On the other hand, it is clear that 
the precipitated CuCl, dissolves as the melt is made more acidic, 
indicating the formation of a new copper species. Since the copper 
species in the more basic melts are all mononuclear, the best guess 
is that this species is also mononuclear and is given by eq 10. 
Further, this is consistent with observations for other media."' 
In Table VI1 are shown the best values for the equilibrium con- 
stants for eq 8-10 at  the three different examined concentrations. 
It can be seen that no value has been calculated for pK3 for the 
two highest Cu(I1) concentrations. In order to make the hypo- 
thetical plots shown in Figure 1 the pK3 value and the value for 
the solubility of CuC13 used are the ones obtained for 0.10 M 
Cu( 11). 

The observed variation for each of the pK values (pKl, pK,, 
pK3) as the total concentration is increased must be due both to 
changes in the activity coefficients as well as to changes that are 
not accounted for in the expression for the measured potentials 
(i.e., eq 1). Interesting is the steady increase in the pK values 
observed as the number of ligands decreases. It can also be seen 
that the difference between pK, and pK, for 0.10 M CuC1, is 2.03 
and the difference between pK, and pK3 is 2.2. That these dif- 
ferences are approximately equal is rather interesting because an 
examination of the results obtained for the KC1-AlCl3-TeCl4 
system34 also gives approximately equal differences, and fur- 
thermore such behavior is typical of pK values of chloro complexes 
in aqueous solutions.35 
As already mentioned, in the very acidic part of the KC1-AlCl3 

system the measured potentials are dependent on the chlorine 
pressure above the melt. In one case (i.e., the last measurement 
in Table I) a pressure as high as 8.2 atm (at 300 "C) was applied 
to make sure that no decomposition of Cu(I1) to Cu(1) took place. 
By varying the pressure above this melt, it was found that rather 
little change in the measured potentials was observed, after a 
pressure of 1.7 atm had been reached (Le., from 1.7 to 8.2 atm, 
a change of 1.5 mV) whereas there was a considerable change 
below 1.7 atm (Le., a change of more than 30 mV from 1.7 to 
0.2 atm). 

(34) von Bamer, J. H.; Bjerrum, N. J.; Kiens, K. Inorg. Chem. 1974, 13, 
1708. 

(35) Rossotti, F. J. "Modem Coordination Chemistry"; Lewis, J., Wilkins, 
R. G., Eds.; Interscience: New York, 1960; pp 1-77. 
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Figure 2. Series of spectra of Cu(I1) in KCI-AlCI, melts at 300 OC. The 
mole fractions of KCI, AlCI,, and formal concentrations of CuC1, as well 
as ir and pC1 values are given in Table VIII. 

Table VIII. Values of Composition, Formal Concentration of CuC12, 
it. and DCI for KCI-AICII-CuCl, Melts" at 300 OC 

mole fraction calcd valuesb 
SDectrum KC1 AlCI, mol/L ir DC1 

C'C"CI27 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

0.5087, 
0.50806 
0.50619 
0.50323 
0.49983 
0.51830 
0.5 1338 
0.5 1724 
0.50566 
0.50330 

0.49919 
0.5018, 

0.48741 
0.48552 

0.49040 
0.49995 
0.47513 
0.47998 
0.47631 
0.48759 
0.4900, 
0.491 54 

0.4874, 

0.5004, 

0.05917 

0.0977s 
0.09695 
0.00334 

0.0982, 

0.1013 

0.0992 
0.1031 
0.1010 
0.1011 
0.0058, 

0.101q 

3.752 0.654 
3.70, 0.752 
3.630 0.896 
3.450 1.24, 
2.292 3.529 
3.867 0.322 
3.818 0.485 
3.860 0.351 
3.600 0.956 

3.262 1.542 
3.43, 1.24, 

1.99, 4.29, 

"From which the spectra in Figure 2 have been obtained. 
bCalculated on the basis of pK values for eq 8-10 of 1.14, 3.17, and 
5.4, respectively, and the self-dissociation constants for the solvents 
given in the text. 

Spectrophotometric Measurements. We have found that the 
average coordination number for chloride decreases as the melt 
is made more acidic. Similarly it is observed that the spectra of 
the solution change as the acidity/basicity of the melt changes. 
Such spectral changes are shown in Figure 2. Values of com- 
position, formal concentration of CuCl,, f i ,  and pC1 for the melts 
that have given rise to the spectra shown in Figure 2 are given 
in Table VIII. Because of the great difference in molar ab- 
sorptivity between the near-infrared bands and the bands in the 
visible-ultraviolet part of the spectrum it was necessary to work 
with cells with different path lengths for the two ranges and also 
with somewhat different compositions for the two ranges. 

It is clear from Figure 2 that there is one isosbestic point in 
the near-infrared (spectra A-D) region and three reasonably 
well-defined isosbestic points in the visible-ultraviolet (spectra 
F-K) region. Further, it is clear that as the chloride activity 
decreases, the bands at 26.2 X lo3 and 35.5 X lo3 cm-' and the 
shoulder a t  41 X lo3 cm-' decrease and some new bands at 21.8 
X lo3, 32.1 X lo3, and 39.1 X lo3 cm-' increase. Such behavior 
is exactly what one would expect for a change predominantly from 

Furthermore, the spectra can be treated by the linear least- 
squares method discussed in General Considerations. On the basis 
of the pK values obtained from the potentiometric measurements 
(0.10 M solutions of CuC12), it is possible to calculate the spectra 
of pure CuC14,- and CuCl,-. These spectra are given in Figure 
2. It is, however, also possible to calculate the value of the 
equilibrium constant Kl from these measurements. By using the 
visible range (650-350 nm with steps of 1 nm), a pK region (95% 
confidence) of -0.14 to +1.86 could be calculated. This compares 

cuc142- to cuc13-. 
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Table IX. Absorption Maxima for Chloro Complexes of Cu(I1) in KC1-A1C13 at 300 OC and in Other Media [v,,,, lo3 cm-l (e-, M-I cm-I)] 
propylene KCl-AlC13 AI2CI, gas 

formamideI2 sulfoxide13 carbonate', (300 '"C) (172 OC)16 
dimethyl- dim et h y 1 

cuc12- 8.3 1120) 8.3 11241 8.3 (113) 8.8 (108) 
24.4 (2650) 26.2 11980) 24.3 (2080) 24.4 (2710) 

33.8 (4700) 33.9 (5840) 

cuc1,- 9.1 (97) 9.5 (103) 

22.7 (820) 22.7 (650) 
26.3 (lOOO)a 26.3 (1300Pb 
33.3 (3520) 33.6 (3760) 

CUCl2 

"Shoulder. bTaken from graph. 
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Figure 3. Calculated spectra: A, CUCI~~-; B, CuCl,-; C, CuC1,. 

very well with the value of 1.14 (4) found by the potentiometric 
method. By using data from the near-infrared part of the spectrum 
in the calculations (i.e., the range from 2600 to 600 nm in steps 
of 6 nm), a pK region of -0.13 to + 1.44 is found. This is in good 
agreement with the result obtained from the visible range. 

The conclusion must be that the spectrophotometric mea- 
surements yield results that compare well with those obtained from 
the potentiometric measurements and furthermore that it is 
possible to obtain the spectra of CuC1:- and CuC13-. These spectra 
are shown in Figure 3. 

The spectrum of CuClz is a little complicated to obtain because 
the solubility of CuClZ is very low in the pC1 range where CuClz 
is the predominant species. Consequently, it is necessary to work 
with very small concentrations. It is also necessary to work with 
high chlorine pressures a t  high pC1 values in order to avoid for- 
mation of Cu(1). This is not a problem in the near-infrared range 
of the spectrum (spectrum E in Figure 2). However, because of 
the presence of chlorine, the absorption in part of the visible and 
ultraviolet range is high and not so well-defined due to the way 
the chlorine is added. The method described in the Experimental 
Section was therefore used in order to avoid a change in the 
chlorine pressure by addition of CuC12. Since from the poten- 
tiometric measurements we know the values of equilibrium con- 
stants for the equilibria between CuClt-, CuC13-, CuC12, and Cl-, 
we are able by means of our computer program to calculate the 
spectrum of CuC1,. The resulting spectrum of CuC12 in the 

33.9 (57ioj 35.6 i422oj 
41.5 (2240) 41.8" (1840) 

11.2 (86) 11.0 (104) 
21.3 (1670) 21.8 (1550) 

31.7 (3750) 32.0 (3770) 
39.7 (2690) 39.0 (2340) 

9.3 (69) 

11.5 (76) 11.0 (95) 
18.7 (70) 

26.1 (250) 

36.1 (560) 

41.2 (650) 

21.3 (730) 

31.7 (2100) 

38.3 (3360) 

11.7 (80) 
30.5 (3030)b 
38.0 (1520)a*b 
47.5 (1310)b 

near-infrared and visible range is shown in Figure 3. Finally, 
something should be said about the spectrophotometric deter- 
mination of the solubility of CuC12. In order to determine this 
solubility the absorbance at  21.3 X lo3 cm-I was measured for 
a series of solutions that contained increasing amounts of CuClz 
over a pC1 range where the predominant species is CuC12. As 
mentioned in the Experimental Section, in this range we are 
dealing with very dilute solutions. It was therefore necessary to 
add the copper in the form of an Al-Cu alloy. The result of this 
examination is graphically shown in Figure 4. At the given pC1 
(5.0-5.2) it can be seen from Figure 1 that the average experi- 
mental coordination number is below 2 (on average 16% below). 
The total solubility determined from Figure 4 (0.0047 (1) mol/L) 
should therefore be reduced by amounts corresponding to [CuCP] 
and [CuClq] in solution. Such a procedure gives a value of 0.0031 
(8) mol/L for the solubility of CuC12 at  300 OC. This is of course 
under the assumption that the species formed is CuCl+. 

Comparison with the Spectra of Chloro Complexes Obtained 
in Other Media. A comparison with the spectra of chloro com- 
plexes in other nonaqueous media is interesting especially as 
regards solvation. It has been assumed but not always expressed 
clearly that there is likely to be less solvation in chloroaluminate 
melts than in other solvents. Examples with less solvation (lower 
coordination number than that expected)36 and with normal 
solvation (with the expected coordination number) have been 
found.37 

Some recent and accurate measurements on the complexes of 
Cu( 11) in dimethylformamide,12 dimethyl s~ l foxide , '~  and pro- 
pylene carbonate" are interesting for comparison purposes. The 
spectra of the individual chloro complexes were obtained in much 
the same way as in the present case. Comparison between these 
and our own spectra is made in Table IX. A spectrum of 
CuA12C18 in the gas phase16 is also included. 

If we look a t  the spectra due to CuC142-, it can be seen that 
there is a reasonable similarity between the band positions in the 
three other solvents and in KC1-A1C13. This is to be expected 
since it is to be assumed that CuCl,*- is not solvated since Cu(I1) 
has obtained its preferred coordination number. It can furthermore 
be seen that there is a greater similarity between the band positions 
obtained in the three other nonaqueous solvents than between these 
and the band positions in the molten salt solvent. This difference 
may be explained by the difference in temperature. It should be 
noted that the lowest molar absorptivity is found for the molten 

(36) Brynestad, J.; Smith, G.  P. J.  Am. Chem. SOC. 1970, 92, 3198. 
(37) Andreasen, H. A.; Bjerrum, N. J .  Inorg. Chem. 1978, 17, 3605. 
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KCI-AlCl, favors only one of these configurations. 
It is also interesting to note that, apart from the lack of the 

band at  9.3 X lo3 cm-l, the band positions and molar absorptivities 
in KCl-AlC1, and in propylene carbonate are in good agreement. 
By contrast, the band located around 26.3 cm-I in dimethyl- 
formamide and dimethyl sulfoxide is not found in propylene 
carbonate or KC1-AlCI,. This could be taken as an indication 
that no solvation takes place in the case of CuC13- in KCl-AlCI,, 
and this is similar to what has been found to be the case for NiClq 
in C S C I - A ~ C ~ ~ ~ ~  in the temperature range 500-750 OC. 

Contrary to what is found for CuClF, CuC12 seems only to be 
found in an appreciable amount in propylene carbonate, whereas 
calculations in connection with Cu(I1) in dimethylformamide12 
and dimethyl s ~ l f o x i d e ' ~  indicate that CuClz is probably not 
present to any large extent in these solvents. Furthermore, it seems 
very difficult to find any resemblance between the spectra of CuC12 
in propylene carbonate and in KCl-AlCl,, except perhaps for the 
band around 11.0 X lo3 cm-'. Both band locations and the molar 
absorptivities are very different in the two systems. The observed 
molar absorptivities for the charge-transfer bands of CuClz in 
KCl-AlC1, are in fact lower than what is normally found for 
charge-transfer bands, indicating that this spectrum is to some 
extent due to transitions not allowed. 

It is difficult to give explanation of this difference in band 
positions and molar absorptivities except that we must be dealing 
with rather dissimilar structures in the two cases. 

One explanation could be that CuCl, in KCI-A1Cl3 (in contrast 
to CuClz in propylene carbonate) is solvated. An example of such 
a solvated complex is the gas-phase complex, CuA12C18, which 
can be looked upon as CuClz solvated in A12C16. However, a 
comparison between the band positions and molar absorptivities 
given in Table IX makes it rather unlikely that we are dealing 
with the same type of structure in the two cases. The spectrum 
of CuAlzCls does not resemble the spectrum of CuCl, in KCl- 
AlCI,, or any of the other spectra given in Table IX. This is in 
agreement with the proposed structures for CuAl2Cl8 (square 
planar or distorted octrahedron"), which are different from those 
expected in the other given solvents. A spectrum of the 
charge-transfer bands of CuCl, in the gas phase would of course 
also be interesting for comparison. However, sufficiently complete 
measurements are apparently not available at present. 
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Figure 4. Solubility of Cu(I1) in acidic KC1-AIC1, melts at 300 OC 
determined spectrophotometrically at 21.3'X lo3 cm-'. The pC1 and ir 
ranges were 5.5-5.2 and 1.60-1.72, respectively. 

salt systems; this is in agreement with the observation that an 
increase in temperature broadens the bands and lowers the 
maximum molar absorptivity. 

If we look at  the spectra of CuC13-, the situation is more 
complicated. CuC13- is believed to be solvated in dimethylform- 
amide12 and dimethyl s ~ l f o x i d e ' ~  but only very weakly solvated 
in propylene  arbo on ate.'^ An interesting phenomenon is that 
CuC1,- in propylene Carbonate exhibits a splitting of the near- 
infrared d-d  transition band. The authors suggest that this is 
possibly due to the existence of two different configurations of 
CuC13-. It is interesting to note that such a splitting is not found 
for CuC1,- in KCl-AICl,. Perhaps the higher temperature in 


