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The complex formation between Cu (I) Cl and Cl - was investigated in a 1 M HC104 ionic 
medium at 22 °C. In saturated CuCl(s) — Cl'-solutions over the concentration range 0 — 0.25 M 
Cl" the only complexes observed are CuCl2" and CuCl32-. The complex constants for the formation 
of these complexes are l o g ß n = —1.31 and log / ? 1 2 = —1.6 respectively. The UV-absorption spectra 
of CuCl2~ and CuCl32 - were determined in the wavelength region 220 —370 nm. The absorption 
of CuCl," is characterized by a strong band A m ax<200 nm ( c > 2 . 7 • 103) together with a weak band 
having Am ax = 230nm (£ = 0 .7 -10 3 ) . The spectrum of CuCl32 - is composed of two bands with 
/ m a x = 2 3 0 nm (e = 4.7-10 3) and Am a x = 276nm (e = 6.1-10®). 

Introduction 

An aqueous suspension of Cu (I)-chloride forms a 
very labile heterogeneous system. It is defined by 
several complex and redox equilibria. The system is 
photosensitive and exhibits photochromism. In the 
photochromic reaction Cu+ disproportionates into 
Cu2+ and Cu°. The kinetics of this process depends 
strongly on the Cl" concentration of the solution, 
which in turn is related to the formation of com-
plexes between CuCl and Cl - . 

Equilibrium data and absorption spectra for 
these complexes are therefore needed in order to 
properly understand the photochromic reactions. 
Several investigations concerning these complexes 
have been carried out in various laboratories 1 - ' . 
However, the studies were never designed to yield 
the information needed for a study of the photo-
chromic phenomena and therefore important pieces 
of information are lacking. Furthermore the results 
of these studies are somewhat inconsistent. 

Despite the number of studies carried out con-
cerning the CuCl — Cl~ equilibria no systematic 
study of the light absorption of these complexes has 
been reported. The work by Sukhova et al. indi-
cates, however, that absorption maxima should be 
expected at about 200, 235 and 273 nm together 
with broad bands at 300 - 400 nm and 1200 to 
2000 nm 8. The maximum at 273 nm showed a con-
centration dependence which indicated the existence 
of a CuCl32 - complex. They also concluded that the 
broad bands at 300 — 400 nm are due to polynuclear 
complexes. 

General Considerations 

Cu (I) -chloride forms complexes with chloride ions 
which schematically may be written as CuCl^+i . 
Previous investigations on such complexes have 
shown that the predominating complexes are CuCl2~ 
and CuCl32- when the Cl~-concentration is kept be-
low 1 M 1 - 5 . The equilibria involved are thus: 

CuCl ( s ) + e r ^ CuCir , (1) 

CuCl2- + C l - ^ C u C l 3 2 - ^ 3 . (2) 

From the equilibria (1) and (2) the following gross 
complex constants may be defined: 

_ [CuCI2-] _ [CuCl3 2-] 
Pii- [ c n ; [ e r ] 2 ' ( 

The total concentration (C0) of the CuCl — Cl - com-
plexes is thus: 

C0 = ßn[C\-]+ß1,[ C l " ] 2 . (4) 

Applying the Lambert-Beer law the light absorption 
by CuCl2~ and CuCl32- at a certain wavelength may 
be written 

A=enßn[C\-]+sl2ß12[C\-]2. (5) 

An experimental determination of the dependence 
of CQ and A on the chloride ion concentration may 
be used to obtain the constants of Eqs. (4) and (5) 
through a simple linear regression analysis. The 
experiments are preferentially carried out at con-
stant ionic strength to keep the activity factors con-
stant. In the present case 1 M HC104 was used as the 
ionic medium. 

As mentioned above the redox equilibria between 
Cu2+, Cu° and Cu+ must be considered in a study of 
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the complex formation with CI of Cu+. They are 

Cu2+ + 2 e - ^ C u ° ( s ) ( l o g K = 11.383) * , (6) 

Cu+ + e - ^ C u ° ( s ) ( l o g £ = 8 . 7 9 6 ) * , (7) 

CuCl(s) ^ C u + + Cl" ( l o g £ = - 6 . 7 3 ) ** . (8) 

Combining (6) — (8) yields: 

2 Cu+ ^ Cu2+ + Cu° (s) (log K = 6.209) , 

(9) 

2 C u C l ^ C u 2 + + Cu°(s) + 2 C 1 " ( logK = - 7 . 2 5 ) . 

(10) 

The constants given above refer to zero ionic 
strength but were used to estimate the Cu2+-concen-
tration also in the present case. This gives a maxi-
mal Cu2+-concentration of 2 10~5-M. (0.050-M. 
CI"). In other words, if the value of K1() given above 
is valid, the Cu2+-concentration can be ignored. At 
higher Cl_-concentration the Cu2+-concentration de-
creases rapidly ( 6 ' 1 0 _ 6 - M . at 0.1-M. CI"). 

Experimental 

The basic principles for the elucidation of the 
complex constants and the UV-absorption spectra 
are as follows: At various Cl~-concentrations the 
light absorption of saturated CuCl(s) — Cl~ solu-
tions was determined. In order to obtain C0 the 
complexes were oxidized. The Cu (I)-concentration 
was then spectrophotometrically determined as Cu2+. 

Preparation of Saturated CuCl(s) — Cl~ Solutions 

Solutions with 0.05 M CuCl2 in n-M. HCl and 
( l -n) -M. HC104 were prepared, n varying from 
0.05 to 0.25. Metallic copper was added and the 
solutions were kept in the dark at 22 °C. The light 
absorption was measured after three weeks. No 
change in light absorption was observed after an 
additional week and it was concluded that equi-
librium was reached. The entire procedure was car-
ried out in a nitrogen atmosphere to prevent oxi-
dation of Cu(I ) . It is furthermore concluded that 
the activity factors of the solutions are essentially 
constant as maximally 25% of HC104 was changed 
by HCl. 

Determination of Absorption Spectra 

The light absorption was recorded on a Shimadzu 
MPS 50L spectrophotometer over the wavelength 

* From "Handbook of Chemistry and Physics", 45th ed. 
1 9 6 4 - 6 5 (Publ. by The Chemical Rubber Co.). 

** From Ref. 3. 

region 210 —350 nm. An optical path length of 
0.1 cm was used. All measurements were carried 
out at 22 °C. Absorption spectra were taken of all 
saturated CuCl(s) — Cl~ solutions before, during and 
after oxidation. 

The oxidation was carried out in air. This made 
it possible to follow the oxidation spectrophoto-
metrically and to check that a stoichiometric reaction 
occurred as the Cu2+ — Cl~ absorption is known9 . 
During the oxidation there were no spectral changes 
which could be attributed to the occurrence of com-
plexes between Cu (II) and Cu ( I ) . 

Results 

Determination of Cl~-concentration 

The determination of [CI - ] proved critical for 
accurate evaluation of the complex constants. The 
best estimate of [Cl~] was obtained from the ab-
sorption spectra as follows. For 1 > 280 nm the ab-
sorbance was found to be quadratically dependent 
on [Cl~] in agreement with the observation of 
Sukhova et al. 8 *. 

Figure 1 shows the absorbance at X = 290 nm vs. 
[CI"]1/2 and this graph was used for further deter-

Fig. 1. Determination of the free Cl~ concentration. Plot 
showing the quadratic relation between the absorption at 

290 nm and the free Cl~-concentration. 

* [Cl~] was calculated as the total amount of HCl added 
minus the concentration of the complexes. The error in 
[Cl~] thus obtained is < 1 % . 
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minations of [CI - ] . This method of determining 
[CI - ] through the absorption measurements at X = 
290 nm should improve the precision by a factor 
two (]/n— 1, n = 5) as the error involved in the ab-
sorption measurements can be neglected. 

Determination of the Complex Constants 

From Eq. (4) it is apparant that ßn and ß12 can be 
determined as the intercept and slope respectively 
from a plot of C 0 / [C1 - ] vs. [ C I - ] . This gives ß n 

= 0.0486 ± 0.0004 and ßi2 = 0 .025 ± 0.002. 
As C0 was set equal to [Cu 2 + ] after oxidation the 

disproportionation Eq. (10) may introduce an er-
ror in C0 of £ 1 0 - [ C r r 3 . However, the deviation 
from a linear relationship is not significant enough 
to markedly affect the values obtained for ß1± and 
ß12 in agreement with the obtained estimates of 
[Cu2 + ] obtained at 7 = 0, zero ionic strength (cf . 
above). 

From the values of ßn and ß12 obtained in this 
investigation, equilibrium constants for reaction 11 
and 12 may be calculated: 

CuCl(s) = C l ^ C u C l 2 " ; ( 11 ) 

log £ s , = - 1 . 3 1 3 + 0 . 0 0 4 , 

CuClo + C r ^ C u C l g 2 - ; ( 12 ) 

log = 0.29 ± 0 . 0 4 . 

Absorption Spectra of CuCl2~ and CuCl32~ 

From plots of ^4/[Cl - ] vs. [ C I - ] , the values of 
£nßn a n ( l £i2ßi2 were calculated [Equation ( 5 ) ] . 
These values together with the values evaluated 
above for ßn and ß12 yielded absorption spectra for 
CuClo - and CuCl3 2 - as shown in Figs. 2 and 3. In 
particular for CuCl3 2 - there is a notable uncertainty 
in the absolute value of £12 as ß12 is determined 
with fairly low precision. 

The absorption spectra of the two CuCl — Cl~ 
complexes differ greatly. CuCl2~ shows a weak ab-
sorption maximum at about 230 nm close to a 
strong absorption band with 2m a x below 210 nm (cf . 
peak reported at 200 nm by Sukhova et a l . 8 ) , 
CuCl3 2 - yields a stronger absorption at longer wave-
lengths with two well separated absorption maxima 
at 230 and 276 nm. 

Discussion 

Almost all previous investigations concerning 
complex formation between CuCl and CI - are en-

Fig . 2. Eva lua ted absorpt ion spect rum fo r CuCl2~ ( f values 
i n M - 1 c m - 1 ) . 

wavelength (nm) 

F ig . 3. Eva lua ted absorpt ion spect rum fo r C u C l 3 2 - (ff values 
i n M - 1 c m - 1 ) . 

tirely based on solubility data. The general con-
clusion is that the predominating complexes at 
moderate Cl"-concentrations ( < 1-M.) are CuCl2~ 
and CuCl3 2 - . This interpretation is strongly sup-
ported by the results of the present investigation 



300 B. Carlsson and G. Wettermark • Complex Constants for CuCl —CI Complexes 

since solubility data as well as spectrophotometry 
data are in full agreement with the above assump-
tions. 

Complex Constants 

As mentioned in the introduction, literature data 
are somewhat inconsistent concerning the reported 
values of the complex constants. Table 1 lists equi-
librium data obtained in the different investigations. 

Tab le 1. L i t e r a t u r e data fo r the complex constants for the 
f o r m a t i o n of C u ( I ) — C l " complexes. 

Temp. Ion ic log K&2 log K3 log Ä'4 Ref . 
m e d i u m 

Th is 
22 °C 1 M H C 1 0 4 - 1 . 3 1 
25 °C 4 M H C 1 0 4 - 1 . 3 6 
25 °C 1 M H C 1 0 4 - 1 . 1 2 
25 °C H C l var - 1 . 1 8 
25 °C 0 cor r 
25 c C 0 cor r - 1 . 1 8 * 
16 °C K C l var - 1 . 3 1 
25 c C 1 M H C 1 0 4 - 1 . 2 3 

* Th is value of KS2 was obta ined f r o m Ref. 3 and was 
used i n the ca lcu la t ion of K3 . 

* * Complex constant expressed i n m - 1 . 
* * * F r o m the invest iga t ion by H i k i t a et al., on ly the re-

sults f r o m 25 °C and 1 M HC10 4 are inc luded i n the 
table. 

The reported values are with one exception de-
termined from solubility measurements. In Ref. 4 

the method employed was EMK-measurements and 
only one complex is considered. The investigated 
concentration range was 1 — 4-M. KCl and a com-
plex constant for CuCl3 2 - was estimated from rough 
activity approximations. The methods employed in 
the other investigations were essentially the same. 
At different Cl --concentrations the total complex 
concentration was estimated from redox titrations 
on dissolved C u ( I ) . It should be noted, however, 
that the activity factors were not kept constant in 
the earlier investigations 3- 5; 6 i. e. the ionic strength 
varied. Among these the determination of by 
Noyes and Cha 3 is often referred to in the litera-
ture but it suffers from the fact that only one com-
plex, CuCl2_ , is considered. KSl is simply calculated 
as the mean value for the complex concentrations at 
0.3, 0.2 and 0.1 M. Cl - despite thef act that a sys-
tematic decrease in K^ was experimentally obtained. 
The determination of K3 by Chang and Chen 5 is 
based on this Ku value and is furthermore related ' 2 

to extremely concentrated HCl concentrations in-
volving some considerable approximations of the 
activities of the species involved. 

The more recent invest igat ions 0 1 - 2 ' 7 are all car-
ried out in HC104 and under conditions where the 
ionic strength is kept constant. As K H , to a first 
approximation, ought to be independent of ionic 
strength it was first difficult to understand why dif-
ferent values of this constant were obtained ^ 2 . 
However, after the completion of this work, recent 
investigations by Hikita et al. ' have shown that K 
is in fact dependent on the concentration of the ionic 
medium (HC10 4 ) . Hikita et al. reported the deter-
mination of the complex constants for the formation 
of CuCl2_ , CuCl3 2 - and CuC14

3~ at 15, 25 and 35 CC 
and at various HC104 concentrations ranging from 
0.5 to 6.5 M. They obtained a marked decrease in 
KSo with increasing concentration of HC104 . Using 
the AH value reported by Hikita et al. the K^ value 
for the present investigation is calculated to be 
0.053 at 25 C in good agreement with their values 
KVn = 0.059. In fact, if the values of Ks> of the vari-
ous investigations 6 ' 7 are plotted vs. the HC104 

concentrations all results with the exception of the 
value reported by McConnel and Davidson 2 closely 
agree with the observed ionic strength dependence 
mentioned above 7 . A possible explanation for this 
ionic strength dependence is ion pair interaction. 
This would imply that the interaction between H + 

and Cl" is markedly different from the interaction 
between H + and CuCl2_ *. Noteworthy is the good 
agreement between the K3 values 2 ' 7 as Ks is deter-
mined by a homogeneous equilibrium in contrast to 
the heterogeneous equilibrium determining K s „ . 
Hikita et al. also assume the existence of the CuCl43" 
complex. In the concentration range used here (0 to 
0.25 M) the influence from this complex is negli-
gible. 

The Absorption Spectra 

The spectra of CuCl2_ and CuCl3 2 - are quite dif-
ferent, which indicates different electronic structures. 
According to Webb 10 very little is known about the 
existing coordination number of inorganic Cu(I ) 
complexes in solution, but in general Cu(I ) as well 

* I on pa i r in te rac t ion is taken in to account by add ing to 
the common Debye-Hi icke l expression — l o g y = A }/Tf 
(1 + ß yi) a te rm K-I. T h e constant K is p r i m a r i l y 
de te rmined f r o m in te rac t ion between ions w i t h opposite 
charges. 

- 0 . 2 9 — work 
- 0 . 0 4 * * - 1 

- 0 . 3 4 - 2 
_ _ 3 

- 0 . 8 9 - 4 

- 0 . 5 1 - 5 
_ _ 6 

- 0 . 3 4 - 0 . 3 2 7 * 
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as A g ( I ) and A u ( I ) f o rm either two collinear (sp) 
bonds or four tetrahedral (sp3) bonds. In the com-
pound K2CUC13 4-covalent Cu( I ) exists and tetra-
hedral CuCl4 groups share two corners to form in-
finite chain ions (CuCl 3 ) „ 2 n - . The corresponding 
CuClo" salts have not, as far as we know, been stud-
ied. However, one 1 : 1 compound of cuprous chlo-

ride and o-phenylene bisdimethylarsine has been 
formulated as a salt [Cu (diarsine) 2 ] (CuCl2) which 
indicates the existence of 2-covalent Cu(I ) in CuCl2~. 
From this and the observed differences in the ab-
sorption spectra of CuCl2~ and CUC1 3 2~ it appears 
quite possible that in solution, 2-covalent Cu( I ) is 
present in CuCl2~ but 4-covalent Cu(I ) in CuCl3 2 - . 
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