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Characterization of Inner- and Outer-sphere Complexes by Thermo- 
dynamics and Absorption Spectra. Part 2.' Chloro-complexes of 
Copper( 11) 

By Kenneth G. Ashurst * and Robert D. Hancock, National Institute for Metallurgy, Private Bag X3015, Rand- 

Evidence for inner-sphere [CuCI] + from charge-transfer and d-d spectra and from e.s.r. and thermodynamic data 
has been assessed. The extent of inner-sphere formation is ca. 30 and 55% in 2 rnol dm-3 Na[CIO,] and 4 rnol dm-3 
Li[C104] respectively, from thermodynamic data. Formation constants for [CuC1,J2-" (n = 1 - 4 )  for 25 "C and 
/ = 5 rnol dm-3 have been derived by spectrophotometry. 

burg, 21 25, South Africa 

THE complex species formed between chloride ions and 
Cutl a t  high ionic strength have been investigated as 
part of a project comprising the quantitative definition 
of the species in concentrated solutions encountered 
in hydroniet allurgical processing. The advantages of 
identifying complexes as inner- or outer-sphere have 
been outlined for sulphate complexes of the first-row 
transition e1ements.l 

A4bsorption spectra appear to provide a method of 
distinguishing between the two configurations, and 
Smithson anti Williams used the position of absorption 
bands for this purpose. The basis for the classification is 
that the weak low-energy bands of the aqua-ion that 
occur mainly in the visible spectrum arise from d-d 
transitions that are influenced by the dose approach of 
ligands that occurs only in inner-sphere complexes. 
Conversely, in outer-sphere complexes the relatively 
long-range charge-transfer (c.t.) interactions between 
the ligand and the aqua-ion give rise to bands of higher 
energy in the U.V. and visible that may also have con- 
tributions from inner-sphere species. 

Richards and Sykes3 have shown that a complex- 
formation constant derived from absorption spectra is 
the sum of the constants of the individual configurations 
and is independent of wavelength. Hence the same 
value of the constant should be derived from d-d bands 
and from c.t. bands. 

Three relevant investigations of the formation con- 
stants of the chloro-complexes of CuII a t  high ionic 
strength are those of Mironov et aZ.,4 Khan and Schwing- 
W ~ i l l , ~  and Bjerrum and Skibsted.6 Mironov et al. 
investigated only the monochloro-complex and observed 
a dependence of the value of the formation constant on 
wavelength. They apparently derived the inner-sphere 
constant from d-d spectra and the sum of the inner- and 
outer-sphere constants from c.t. spectra. These findings 
require explanation. The constants from the other two 
investigations showed very poor agreement (Table 1) .  

TABLE 1 
Recent literature values for the chloro-complcses 

of copper(I1) in 5 mol dmP3 sodium perchlorate 

K ,  / d i n 3  p2 /dm6 p3 /dmO p4 /drnl2 c1 (250  nm),"Im:j 
lll0l 11101 '' m01-3 m01-4 mol-' cm-1 ]<el. 
1.5 0.63 0.088 0.003 2 2 705 6 
4.0 4.8 2.0 0.24 1 0 4 2  5 

Bjerrum and Skibsted6 combined spectra with an 
activity expression for chloride ions to derive the form- 
ation constants, whereas Khan and Schwing-Weill 
processed absorbance measurements by a least-squares 
method. Bjerrum and Skibsted interpreted the results 
of Khan and Schwing-Weill to calculate the absorption 
coefficients of the chloro-complexes containing one, two, 
and three ligands. 

The objects of this investigation are to assess the extent 
of inner-sphere formation in the monochloro-complex of 
CuII from published data, and to explain the dependence 
of the formation constant on wavelength reported by 
Mironov et aL4 The derivation of the formation con- 
stants of all the chloro-complexes was necessary for this 
purpose. 

RESULTS 

In  order to assess the results of Mironov et al . , ,  K ,  for 
[CuCI]' must be derived from c.t.  and d-d bands in the 
absence of the higher complexes. Conditions for their 
absence could be established by deriving their formation 
constants from U.V. spectra. 

The Copper(II)-ChZoride Systenz : [J .v .  Spectva.-The 
effect of chloride-ion concentration on the U.V.  spectrum of 
0.002 75 rnol dm-3 Cu[CIO,], revealed the emergence of a 
new band with a peak a t  248 nm a t  a concentration of 0.2 
inol dmW3 (Figure 1). There was little change in the peak 
position as the concentration increased from 0.2 to 0.8 rnol 
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~ ; I G U R E  1 Effect of chloridc concentration on the absorption 
spectrum of 0.002 75 mol CujlCIO,], at 25 "C and I = 6 
mol d ~ n - ~  in 1-Inm cells. [Cl-] = 0 (a), 0.2 ( b ) ,  0.4 (c), 0.6 (d ) ,  
0.8 (e), 1.0 (f), 1.5 (g), 2.0 (Iz), 3.0 (i), 4.0 ( j ) ,  and 4.89 mol dm-3 
( k )  
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TABLE 2 

Values of Pn[(dm3'mol-1)mJ and E, (dm3 mol-l cni-l) for [CUCI,]~-~ derived from U.V. spectra for I Z= 5 mol dm-3 

[CUII] LC1-1 
n mol dm-3 Pa 
1 0.0 16-0.10 1 0.03 1.43 f 0.09 
1 1.5 
1 0.005 8 0.07-0.5 1.03 f 0.08 
2 0.004 53 1.2-2.2 0.58 i 0.03 
2 0.63 
3 0.004 53 2.5-4.0 0.011 -j= 0,002 

0.088 

dm-3, indicating that only the first complex predominates 
for these conditions. An isosbestic point at 215 nm is 
consistent with two absorbing species, the copper(I1) 
aqua-ion and the monochloro-complex. The latter could 
be present as inner- and outer-sphere species, but, if so, 
the constant ratio of their concentrations ensures that the 
sum of their absorbances will be equivalent to the sbsorb- 
ance of a single species with regard to the interpretation 
of the isosbestic point. The progressive peak shift as the 
concentration of chloride was increased from 0.8 to 5.0 
mol dm-3 indicated increasing formation of the higher 
complexes, as also evidenced by the absence of an isosbestic 
point under these conditions. 

For the determination of K,, the chloride concentration 
was restricted to a low value (0.03 mol dm-3) to reduce the 
possibility of the formation of higher complexes. By 
recording differential spectra with chloride-free copper as 
the reference solution, the spectra of increasing concen- 
trations of the monochloro-complex appeared as the 
copper(I1) concentration was increased at a constant 
concentration 
processed by 

1.00 

0.75 

0)  u 
C 

-ft 0.50 
v) n 
Q 

0.25 

0 

of chloride (Figure 2). The results were 
the spectrophotometric variation of the 
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FIGURE 2 Absorption spectra of 0.03 mol dm-3 NaCl containing 
Cu[ClO& at 25 "C and 1 = 5 rnol dm-3 in 1-mm cells with 
chloride-free references. [CuII] = 0.016 8 (a), 0.033 6 ( b ) ,  
0.047 (c), 0.067 2 (d) ,  0.080 6 ( e ) ,  and 0.101 mol dm-3 (1) 
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LETAGROP computer program, SPEFO.' Values for 
K ,  and the absorption coefficients were derived and agree 
well with those of Bjerrum and Sltibsted (Table 2). 
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1;Ic;une 3 Effect of high concentrations of chloride ions on the 
absorption spectrum of 0.017 4 mol dm-3 Cu[ClO,], in 1-mm 
cells. [Cl-] = 5.0 ( a ) ,  5.5 (b) ,  6.0 (c), 7.0 (d),  8.0 (e), 9.0 ( f ) ,  
and 10.0 mol dm-3 (g) 

Introduction of K ,  to the program input resulted in the 
values K ,  = 2.35 & 2.18 and K ,  = 5.22 f 5.03 dm3mol-', 
a clear indication of a very poor fit. Thus the two different 
approaches of the present work and that of Bjerrum 
and Skibsted pointed to the same conclusion: that  A', 
and E, could be well defined and that only the first com- 
plex, [CuCl]', was present for [Cl-] up to 0.03 mol dm-3. 
It was now possible to introduce the known values for A', 
and E, from 250 to 280 nm, together with absorbance 
values for a range of solutions containing substantially 
[CuC1If and CuCl,, into the SPEFO program. A suitable 
range of ligand concentrations was 1.2-2.2 mol dm-3, 
chosen from the species distribution calculated from the 
constants of Bjerrum and Skibsted.6 In  this region, the 
proportion of [CuCl]+ and CuCI, changed from 47 to 39%, 
and from 24 to 37",, respectively. The resulting p, and E, 

values were well defined (Table 2) and agreed well with 
those of Bjerrum and Skibsted.6 

The constants for [CuCl,]- were derived by repeating 
the process using absorbance values of solutions containing 

http://dx.doi.org/10.1039/DT9810000245


1981 247 
only the first three complex species. From the species 
distribution, values of ligand concentration from 2.5 to 
4.0 niol dm-3 appeared to be suitable. The resulting values 
of p3 and E~ agreed poorly with those of Bjerrum and Skib- 
sted,6 and were less wcll defined than corresponding values 

OY 
50 7.5 10.0 12.5 

[LiCll/mol dm-3 
FIGURE 4 Variation of the absorbance of 0.017 4 rnol dm 

Cu[ClO,], at 480 nm with concentration of LiCl in 1-mm cells 

for the lower complexes (Table 2). This situation probably 
reflects smaller differences between the spectra of the second 
and third coniplexes compared with those between the 
spectra of the first and second. 

A value of p4 was derived from a new absorption band 
appearing in the region of 390 nm at high concentrations 
o f  lithium chloride of 5-10 niol dm-3 (Figure 3).  If this 
new band is due to the formation of [CuCl4l2-, as assumed 
by Bjerrum and Skibsted,6 then provided that i t  is possible 
to raise the ligand concentration sufficiently to cause 
practically all the copper(I1) to exist in this form, a plot of 
absorbance aqainst ligand concentration should approach a 
limiting vahit. from which E for [CuC14]2- could be derived 
(Figure 4). A short extrapolation of ligand concentration 
from 10 to 12 rnol gave cq (420 nm) ca. 730 dm3 mol-l 
cn1-l. From absorbance values a t  420 nm of solutions of 
I = 5 mol dnr3 containing 3.0, 4.2, and 5.0 niol dm-3 NaC1, 
the concentrations of [CuC1,I2- were calculated and Pa 
values derived from equation (1)  using K,, p2, and p3 

I n = 4  \ 

values already derived either from this work or by Hjerrum 
and Skibsted (Table 3 ) .  The former set of constants 
yielded a a4 value that cornpared well with that of Bjerrum 
and Skibsted, whereas the latter set gave less consistent 
\*n1ues. 

TABLE 3 
Values of Pa for [CuC1J2- a t  I = 5 rnol dm-3 

P4/dm12 11101-4 

mol dnr3 A(420nm) uI a b 
0.027 5 3.0 0.515 0.025 6 0.003 58 0.004 41 
0.027 5 4.2 0.775 0.038 6 0.002 46 0.003 22 
0.017 4 5.0 1.09 0.085 6 0.003 65 0.005 28 

[CuII] [CI-] 
r c 1 

Using p1-p3 from this work. 6 Using p1-p3 from ref. 6 
(pa = 0.003 2 dml* mor4).  

The validity of the formation constants derived by 
Bjerrum and Skibsted6 has been confirmed and the cor- 
responding distribution of species could be used to indicate 
the range of ligand concentrations suitable for ensuring the 
absence of complex species Containing more than one 
chloride ion. Hence the derivation of I<, from visible 
spectra could proceed. 

The Copper(II)-ChZoride System : Visible S+ectva.- 
Species-distribution calculations showed that a1 = 0.23 
and a2 = 0.02 for a ligand concentration of 0.2 niol dm-3. 
Spectra recorded with ligand concentrations of 0.1 (Figure 
5), 0.2, and 0.07-0.5 rnol dm-3 were processed by the 
SPEFO program (Table 4). 

There was good agreement between values for K ,  and E, 

for constant ligand concentrations of 0.1 and 0.2 mol 
when a2 < 0.02, but when a2 increased to 0.08, K ,  

tlecreasetl sharply and E, showed a large increase. 
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FIGURE 5 Absorption spectra of 0.1 rnol dm-3 NaCl containing 
Cu[CIO,], at 25 "C and I = 5 mol dm-3 in I-cm cells with 
chloride-free references. [CulI] = 0.050 (a ) ,  0.084 (b),  0.1 26 
(c), 0.203 (d ) ,  and 0.232 rnol dm-3 (e) 

DISCUSSION 

The formation constants for the chloro-complexes of 
CuT1 for an ionic strength I of 5.0 mol dm-3 measured 
here were generally in good agreement with those derived 
by Bjerrum and Skibsted6 but differed markedly from 
those given by Khan and Schwing-Weill (Tables 1 and 
2). Although all three sets of constants were derived 
from spectrophotometric measurements, the results were 
interpreted by different methods. It is significant that  
Bjerrum and Skibsted derived their constants by incor- 

TABLE 4 
Values for K, and E, for [CuCl]' derived from visible spectra for I = 5 mol dm-3 

K ,  
4 d m 3  mol-l cm-1 

[CUII] [Cl-I r-----------h 7 

rnol dm-3 a2 730 nm 790 nm dm3 mol-1 
0.050 4-0.232 0.1 0.1 21.4 f 0.1 31.5 f 0.2 1.42 & 0.01 
0.042-0.457 0.2 0.02 21.8 f 0.1 32.3 f 0.1 1.24 f 0.09 

* 0.52 & 0.03 
* Average value for the range of ligand concentrations. 

0.078 A 0.07-0.5 0-0.08 * 37.2 f 0.2 * 59.5 f 0.2 
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porating their measurements with some of those of Khan 
and Schwing-Weill. 

For a suitable range of ligand concentrations, there 
was good agreement between K ,  derived from c.t. and 
d-d spectra (Tables 2 and 4), as expected from the 
assertion by Richards and Sykes3 that only the sum of 
Klin. and Klont.can be so obtained. By contrast, Mironov 
et aZ., suggested that they had derived K ,  = 0.87 from 
c.t. spectra and Klin- = 0.45 dm3 mol-l from d-d bands 
for I = 3 mol dm-3 maintained by lithium perchlorate 
with concentrations of ligand up to 3.0 mol dm-3. At 
this ligand concentration, substantial amounts of com- 
plexes containing more than one ligand would be 
expected and their concentrations could be calculated 
from the formation constants for the appropriate medium. 
Since the constants were not available, approximate 
values were derived. For this purpose, i t  was noted 
that the variations of K ,  for [FeC1I2+ in 1.0-5.0 mol 
dmW3 solutions of perchloric acid and perchloric acid 
mixtures with sodium perchlorate have Seen closely 
predicted from the single value in 5 mol dm-3 HClO, by a 
method based on changes in activities.8 Thus for the 
CurT-C1 system equation (2) is derived, where Kltil1. 
and Kli11. refer to the thermodynamic constant and the 

[ C U ( O H ~ ) ~ ] ~ +  + C1- - [Cu(OH,),Cl]+ + H,O 
1 2 3 

conditional constant (molar concentration units) 
respectively, and a and y are the corresponding activities 
and activity coefficients. For solutions of high ionic 
strength, Bjerrum introduced the approximation that 
~ 3 1 ~ 1  = C (constant) in a specified medium on the basis 
that  the activity coefficients depend on chemical struc- 
ture rather than charge. Similar equations apply for 
the stepwise constants K,, K,, and K,, and the ratio of 
the corresponding molar activity coefficients is also C. 
Since C, w C, + 1, we obtain equation (3) where y ,  y' and 

K,(3 mol dm-3) = 

a H , O ,  a 'H,O refer to solutions of I = 3 and 5 mol dm-3, 
respectively. Since the activity coefficients of chloride 
ions in Na[C10,] solutions are not available, use was made 
of the Guggenheim assumption employed by Heistand 
and Clearfield that ycl E y & 1~~~ and Harned's rule 
(see ref. 10) regarding activity coefficients of mixed 
electrolytes. The latter has been shown to apply to the 
HCl-Na[ClO,] system up to I = 1 mol drn-,.ll Extra- 
polation of the resulting equation (4) (where y * HCl 

Kn(5 mol dm-3)(y . ~'II,o/Y' . atr,o) (3) 

logy Lk HC1 = logy k HCl(0) - 0.0244f"Z (4) 

and y HCl(0) are the mean molal activity coefficients 
for a total electrolyte molality m and m molal HCl 
respectively), from solution concentrations of 1 to 5 mol 
dm-,, allowed predictions of K,  for [FeC1I2+ that agreed 
well with experimental values.* Values for use in the 
CuII-Cl- system were derived from data shown in Table 

TABLE 6 
Distribution o f  species in  the Cu"-Cl- system in 

3 mol drwR Ns[C10,] 
No. of 

c1- a1 Q3 a4 

1 0.33 0.049 0.002 0 
2 0.44 0.131 0.013 0 
3 0.46 0.310 0.030 0 

5. The mean molal activity coefficients were converted 
into mean molar values lo from the densities of sodium 
perchlorate solutions; l2 a H , O  was taken from ref. 13. 
Hence Kn:Ii.(3 mol dm-3) = Kni11.(5 mol dm-3) i< 0.347. 
Values for K,, p2, p3, and p4 were 0.52 dm3 mol -l, 0.078 
dm6 molP2, 0.003 8 dm9 mol- 3, and 4.6 x dm12 molk4 
in 3 mol dm-3 NaLClO,]. The corresponding distribution 
of species (Table 6) shows that, a t  ligand concentrations 
of 2 and 3 mol dm-3, CuC1, is present in significant pro- 
portions. The formation constants would be larger by 
only ca. 15% if [CuCl]+ were assumed to be entirely 
outer sphere, because the aH,O term would be omitted 
from the calculation for K,. 

Hence it appears that the failure of Mironov et aZ.4 to 
take account of species containing more than one ligand 
resulted in the derivation of a K ,  value from U.V. spectra 
that was higher than that derived from visible spectra. 
The incorrect assignment of the formation constants of 
the outer- and inner-sphere species followed. A 
similar effect was observed in this work for a medium of 
5 mol dm-3 NaLClO,] for a range of ligand concentrations 
from 0.07 to 0.5 mol dm-3 with K ,  valucs from U.V. 
spectra and visible spectra of 1.03 (Table 2) and 0.52 
dm3 mol (Table 4), respectively. High values of E, 

were derived in both regions of the spectrum (Table 4). 
Although the extent of inner-sphere formation of 

[CuCl]+ cannot be gauged from the absorption spectra, 
the presence of some inner-sphere species is indicated 
by the modification of the visible spectrum of the 
copper(11) aqua-ion by chloride ions. 

Thermodynamic values are more useful. The 
enthalpy and entropy of formation of a complex species 
involving hard acceptors and hard donors reflect the 
extent of inner-sphere character because they are largely 
a result of solvation changes and hence are almost 
independent of the particular metal ion, especially for 
an isovalent series with the same ligand.,, The form- 
ation of inner-sphere complexes involves the displace- 
ment of water molecules so that values of AHe and T A P  
a t  infinite dilution are higher by about 20 and 25 kJ 
mol-l, respectively, a t  25 "C than the corresponding 
values for the outer-sphere species. At high ionic 
strength (5 mol drn-,), AHe and TASe  were reduced 
by 5-9 and 15-20 kJ mol-l, respectively, for the form- 
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ation of both inner- and outer-sphere sulphato-complexes Other evidence for the presence of inner-sphere 
of the first-row transition - e1ements.l Hence the 
differential values showed little change. 

Few thermodynamic measurements for the weak 
labile chloride complexes of bivalent metal ions are 
available because of experimental difficulties. However, 
the inner- and outer-sphere monochloro-complexes of 
CrlI1 could be distinguished because of the inert character 
of the inner-sphere complex. Inner-sphere species l5 

were found to have values for AHe and T A P  that were 
respectively about 20 and 25 kJ mol-l higher than their 
outer-sphere counterparts l6 at  I = 1.0 mol dm-3. 
Comparison of AHe for the monochloro-complexes of 
CuII and CrIII should indicate the extent of inner-sphere 
formation, since values for AHe of ca. 0 and ca. 24 kJ 
mol-l correspond to sin. of 0 and 1, respectively (Table 7 ) .  

TABLE 7 
Thermodynamic values (kJ mol-l) for 

monochloro-compleses a t  25 "C 
I 

Metal ion mol dmP3 Class AHe T A P  Ref. 
Cr3 + 1 .O O . S .  - 1.7 - 2.5 16 

i.s. 25.1 19.7 15 
4.0 1.s. 23.4 19.7 15 
0.98 

Cut+ 2.0 6.6 7.1 b 
4.0 13.5 13.3 17 

0,s .  = Outer sphere, i s .  = inner sphere. hl. B. Kennedy 
and M. W. Lister, Canad.  J .  Chem., 1966, 44, 1709. 

Values of AH0 for [CuCl]+ were available for I = 2.0 
and 4.0 mol dm-3 (sodium and lithium perchlorate, 
respectively) and by comparison with those for [CrC112+ 
over the same range of ionic strength, approximate 
values for cclill. were AH6/24 (Table 7 ) .  On this basis, 
cclill. increases from 0.28 in 2 mol dm-3 Na[C10,] to 0.56 
in 4 rnol dm-3 Li[ClO,]: an increase would be expected 
on the grounds of a decrease in aH,O for these media 
from 0.93 to 0.73, re~pective1y.l~ An approximation 
of the expected increase can be gained from equations 
for Kltollt. analogous to those for Kltill.. I t  can be 
shown that equation (5)  is applicable, where I, and I, 

refer to values of the ionic strength of two solutions, by 
assuming that the ratio of the activity coefficients of 
[Cu(OH,),Cl] + and LCu(OH,),Cl] + in the same solution is 
close to 1 : 1. Since ollill. is given by expression (6), 

then if aliu. = 0.28, Klin-IKloUt. = 0.39 in 2 mol dm-3 
Na[C10,]. From the change of a13,0 in 4 mol dm-3 
Li[ClO,], Klin./KIoUt. becomes 0.39 x 1.27 = 0.50, and 
alin* becomes 0.33. Hence, an increase of AHe to 7.9 
kJ mol-l in 4 mol dm-3 Li[ClO,] would be expected, in 
poor agreement with the published value of 13.5 k J mol-l 
(Table 7) .  Further AH6 values for [CuCl] + are required 
in order to  assess the accuracy of the two sets of pub- 
lished results. 

structure in [CuCl]+ emerged from e.s.r. measurements 
of the chloride-, bromide-, and sulphate-copper (11) 
systems in 2 mol dmP3 Li[C10,].17 Constant g factors 
for increasing concentrations of ligand from 0 to 2 niol 
dm-3 in the bromide and sulphate systems indicated the 
absence of inner-sphere species, since variations in the g 
factor reflect changes in the immediate environment of 
the metal ion. Other evidence for the predominance of 
outer-sphere [CuBr] + and Cu[SO,] was the slight change 
in the d-d spectrum of the copper(I1) aqua-ion compared 
with the large increase in the c.t. band produced by high 
ligand concentrations in 2 mol dm-3 Li[ClO,] .17 Thermo- 
dynamic values for the Cu[SO,] complex support the 
outer-sphere character, especially a t  high ionic strength : 
thus, AH6 and T A P  were about 0 and 3.6 kJ mo1-l 
respectively for an ionic medium of 5 mol dw3.l  By 
contrast, the g factor for the copper(I1) ion decreased 
with increasing concentration of chloride ions. Al- 
though the formation of a t  least one inner-sphere 
complex was indicated, this evidence regarding the 
structure of [CuCl] + is meaningful only if the formation 
of the inner-sphere CuC1, is insignificant and hence does 
not contribute to the decrease of the g factor. An 
indication of the likelihood of such an event was made 
by calculating the formation constants and the species 
distribution for a medium of 2 mol d m 3  Na[C10,]. 
The method outlined above was employed, with the 
result that K,(2 niol dm-3) = K,(5 mol dm-3) x 0.24. 
From the corresponding species distribution, x1 and zB 
were 0.38 and 0.08 respectively for the highest chloride- 
ion concentration of 2 mol dm-3. Thus, it appeared 
that the decrease in the g factor was indeed related to 
the formation of inner-sphere [CuCl]+, but that no 
estimate of the extent of formation could be made. 

I t  was concluded that although there was strong 
qualitative evidence for some inner-sphere character of 
[CuCl] from d-d spectra, e.s.r. measurements, and 
thermodynamics, only the last method could be used 
for a semi-quantitative assessment of al of 0.28 and 0.56 
in 2 mol dnr3 Na[C10,] and 4 mol dnr3  LiLCIO,], 
respectively . 
EXPERIMENTAL 

r2nalaIi-grade materials were used. A stock solution of 
copper(1r) perchlorate was prepared by the addition o f  a 
slight excess of sodium hydroxide solution to a solution of 
the trihydrate salt of copper(I1) nitrate for quantitative 
precipitation of Cu[OH],. After thorough washing with 
water, the precipitate was dissolved in a slight excess of 
perchloric acid. The copper(I1) concentration was deter- 
mined by standard thiosulphate, and the perchloric acid 
concentration by acid titration of the filtrate following 
precipitation of Cu[OH], by a measured escess of standard 
sodium hydroxide solution. An ionic strength o f  5 rnol 
dm-3 was maintained by Na[C10,]; 0.1 rnol dn r3  HC10, 
prevented hydrolysis of CuII. 

Spectra were recorded on a Beckman ACTA I11 spectro- 
photometer fitted with temperature-controlled cell holders 
suitable for cells having pathlengths of 0.1-1 0 cni. 
Absorbance readings from the digital display of the instru- 
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ment were taken a t  intervals of 5 nm for use in the cal- 
culations. 

We thank Mrs. A. J .  Harries for assistance, and the 
National Institute for Metallurgy for permission to publish 
this work. 
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