
Journal OfPhotochemistry, 31 (1985) 211 - 222 211 

INVESTIGATION OF A LONG-LIVED INTERMEDIATE IN THE 
PHOTO-OXIDATION OF CHLOROCUPRATE(I) COMPLEXES 

OTT6 HORVATH and SANDOR PAPP 

Department of General und Inorganic Chemistry, Veszpre’m University 
Engineering, Pf. 158, H-8201 Veszprkm (Hungary) 

(Received February 15, 1985; in revised form April 19, 1985) 

Summary 

of Chemical 

The decay of a long-lived intermediate formed in the photo-oxidation 
of acidic solutions of chlorocuprate(1) complexes was examined. The depen- 
dences of the decay rate on the components of this system (Cu' , CurI, Cl- 
and H+) confirmed assumptions that dimeric or polymeric Cu’-Cur’ chloro 
complexes are formed during the photo-oxidation. 

The quantum yield obtained indirectly as well as the estimate for the 
concentration of the intermediate were in accordance with results from 
previous experiments. 

1. Introduction 

The processes occurring in acidic solutions of chlorocuprate(1) com- 
plexes under UV irradiation have recently been thoroughly examined. It 
was established [ 1 ] that the hydrated electron formed in the photoinduced 
redox reaction 

H+ + [CuClJ’“-“-%+H, + [CuCl, ]I” -*)- (1) 
undergoes competitive recombination and scavenging processes according 
to the Noyes geminate-pair mechanism. Other intermediates are also pro- 
duced during the reactions. 

During experiments carried out using conventional flash photolysis, 
Ferraudi [ 21 detected an intermediary species that was assumed to be 
[HCuCl,]‘” - l)- which decayed in two successive steps - both with second- 
order kinetics. The rate of the first step (k, = (5.5 & 0.7) X lo* M-l s-l) 
depends on the hydrogen ion concentration; the rate of the second (longer) 
step (k 2 = 0.17 f 0.03 M-’ s-l) depends on the chloride ion concentration 
(as well as that of the transient). During the decay of the transient, it was 
assumed that dimeric or polymeric Cu’-Cu” chloro complexes form and 
are then destroyed. 

During irradiation (X,, c = 274 nm) of acidic solutions of chlorocu- 
prate(I) complexes ([Cl-] < 0.4 M; [H+] < 1.0 M), Stevenson et al. [S] 
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noticed a long-lived intermediary yellow species (with a lifetime of several 
hours under optimum conditions). They found that after the irradiation 
had been stopped the disappearance of the intermediate was accompanied 
by the evolution of Hz while the concentration of copper(H) did not change. 
The yellow species is assumed to be a hydridochlorocuprate(1) complex 
formed in the interaction between chlorocuprate(1) and the intermediate 
observed by Ferraudi: 

[HCuClJ- + [CuCl,]- e [ HCuCl,] 2 - + CuCl* (2) 

However, the possibility that dimeric or polymeric complexes (e.g. [HCu2- 
C1,]2- or [HCU,C~,]~-) were formed was not excluded. The decay of the 
long-lived species was found to be sensitive to the concentration of Cu”, 
H+ and especially Cl-, but detailed investigations have not been published 
(because of their unsatisfactory reproducibility). 

The main purpose of our work was to study the dependences of the 
decay of the long-lived intermediate formed during the photochemical 
oxidation of chlorocuprate(1) complexes on the components of the solu- 
tions (Gun , Cl-, H+ and Cu’), because these species may play a significant 
role in the mechanism of the photo-oxidation. 

It may prove important to extend these investigations because sim- 
ilar hydride intermediates have been observed or assumed in several studies 
of the photo-oxidation of transition metal complexes in acidic solutions 
[4, 51; this suggests that 
actions. 

the phenomenon may be common in these re- 

2. Experimental details 

In our experiments the intermediate was produced by continuous 
irradiation (A,,, = 253.7 nm) of solutions of copper(I) ; after addition 
of CuC12 solution to the irradiated solution the decay of the long-lived 
transient was measured using spectrophotometry. 

The absolute concentration of the intermediate was also measured 
(approximately). This species is formed in the reaction between solutions 
of CuCl, and KBHa. Therefore its molar absorption coefficient can be 
estimated for use in the spectrophotometric concentration measurements. 

The solutions were prepared using HCl, NaCl, HC104, NaC104, CuC12 
and KBH4 (all reagent grade), In the copper(I) solutions the traces of cop- 
per(H) were reduced by stirring with copper turnings in an inert atmo- 
sphere. Therefore the concentrations of copper(I) calculated on the basis 
of the weight of solid copper(I) chloride used would have been inaccurate. 
The precise values of Ccul for the solutions were subsequently determined 
spectrophotometrically using calibration curves. 

In each solution the ionic strength was adjusted to 1.0 M and, in the 
solutions containing mixtures of copper(I) and copper(H), [Cl-] and Cu+ 
were equal. For this the weights of the chloride used were determined 
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using complex stability constants [ 1, 61 calculated at an ionic strength of 
1.0 M (in the case of both the copper(I) and the copper(R)). 

The copper(I) solutions were irradiated in a quartz cuvette (optical 
pathlength, 1.000 cm; volume of solution, 2.5 cm3). The solutions were in a 
nitrogen atmosphere and were also stirred by bubbling nitrogen gas through 
the solutions. The radiation source was a 16 W low pressure mercury arc 
lamp (Applied Photophysics) which radiated more than 90% of its energy 
at 253.7 nm. The light intensity was determined using a potassium tri- 
oxalatoferrate(II1) actinometer [7] (I, = 2.9 X 10m6 einstein s-l dme3). The 
irradiation time was 10 min and the temperature was 20 f 2 “C. 

After irradiation, 0.5 cm3 deoxygenated CuCl, solution (with suitable 
[Cl-] and Cn+) were added to 2.5 cm3 irradiated copper(I) solution using 
a microburette. The decrease in the concentration of the intermediate in 
the original cuvette was continuously followed using a spectrophotometer 
at 334 nm where the absorbances of both the copper and the copper(I) 
were negligible. This simple method made possible the examination of 
the intermediate which formed and then disappeared during the photo- 
oxidation. Usually such observations can be carried out only by using 
apparatus capable of very fast detection. 

3. Results and discussion 

3.1. Ranges of concentrations of Cu’, Cu’I, CI- and H+ 
Since it was found in earlier studies [ 31 that the decay of the long- 

lived species formed in the photo-oxidation of chlorocuprate(1) complexes 
depends on the concentrations of H+, Cl-‘ and Gun , to begin with, each con- 
centration range had to be determined. As the concentrations of copper(I) 
could only subsequently be determined with accuracy (on account of causes 
mentioned above) at a given H+-Cu”--Cl- composition, four different 
weights of copper(I) chloride were used. From the results obtained using 
this method the dependences of the decay of the intermediate on the con- 
centrations of the other components were determined by interpolation. 
The advantage of this method became evident during preliminary experi- 
ments when it turned out that the decay was sensitive to the concentration 
of copper(I) as well. 

The limits for the suitable concentration ranges were obtained from 
the requirement that the amount of the intermediate should be enough to 
be measurable and that the decay should not be too fast to be detectable. 
The lower limit for Ccul was 4.8 X 10d3 M and the upper limit for Ccun 
was 2.1 X lop2 M. The upper limit for Ccul was 1.6 X lOA M because of the 
relatively low solubihty of CuCl. The lower concentration of the added 
copper(I1) was zero; therefore the results for the Ccun dependence could 
be corrected by taking into account the amount of copper(I1) formed 
during the photo-oxidation. 

The chloride concentration effect was the first to be examined on 
the accumulation of the yellow species. After irradiation for 10 min of a 
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Fig. 1. Dependence of accumulation of the intermediate on chloride ion concentration; 
irradiation time, 10 min; 2 = 1 cm; CH+ = 0.5 M; full line, CC~I = 8 x 10-‘-M; broken 
line, CC~I < 8 X low3 M. 

solution containing the quantity of CuCl required to give 8 X lop3 M cop- 
per(I), the optical density (h = 334 nm) (i.e. the relative concentration of 
the intermediate) showed a maximum in the range 0.1 - 0.3 M (Fig. 1). The 
decrease at higher chloride concentrations resulted from the accelerated 
decay due to chloride ions, and at lower concentrations resulted from the 
decreasing solubility of CuCl - in this latter range CcU1 < 8 X 10Y3 M (broken 
line). Thus the range 0.2 - 0.4 M was chosen for the chloride concentration. 

Since in the preliminary experiments the addition of hydrogen ion 
did not show any effect, it was used in the concentration range 0.3 - 1.0 M 
(on the basis of ref. 3). In the case of fixed C&II and [Cl-] these concentra- 
tions were 1.5 X 10e2 M and 0.3 M/0.2 M respectively in experiments for 
the hydrogen ion effect. 

3.2. Evaluation of the decay curves 
If the changes in the concentration of the other components in a decay 

are negligible compared with that of the intermediate, the decay may be 
considered to obey first-order kinetics (i.e. its rate depends on the con- 
centration of the species examined. Figure 2 shows a typical decay curve 
from the series of experiments. 

Assuming the relation 

A(t) .= A0 exp(-kt) (1) 
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Fig. 2. Decay curve of the intermediate ([CI-] = 0.2 M; CC~II = 0.015 M; CC~I = 0.017 
MI- 

between the optical density (i.e. the concentration of the transient) and the 
decay time (A, is the optical density at t = 0; k is the rate constant), the 
absorbance A, as t + 00 and k can be calculated by a least-squares method 
from a point series read off the curve (Ai = A, exp(-ktj); i = 0, 1, 2, . ..). 

In the case of faster decays (t,,, < 8 min) the curves could be eval- 
uated by using the Guggenheim method [8] as well. Here in addition 
to the mentioned point series, another series shifted by r > t,,z (A: = 
A,, exp{-k(iti + 7))) had to be read off. From the relations for the two point 
series the equation 

h(Ai - Ai’) = const - kti (II) 

can be obtained by subtraction and by taking the logarithm of both sides. 
In this case k may be estimated by using a least-squares method also. There 
were no significant differences in the results obtained by the two different 
methods. 

On plotting the values of k in the form Ig k uersus lg &I, lines can be 
matched on the points with equal chloride or copper concentrations. 
The values of k from these lines at copper(I) concentrations of 1.1 X lo-* 
M and 9 X lop3 M in the middle of the range were plotted as lg k versus 
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lg C.&II or lg k versus lg [Cl-]. The apparent orders of the decay rate depen- 
dence on CcU1l and [Cl-] can be determined from the slopes of these new 
lines. 

3.3. Effect of hydrogen iorz 
The values of decay rate constant were not altered significantly on 

changing CH+ over the range examined (Fig. 3). This result (which differs 
from the earlier observation [ 31) is probably a consequence of the fact that 
the processes which involve H + in the decay are not rate controlled and 
that the changes produced by them are lower than the errors in the measure- 
ments. However, to be safe, in experiments for the investigation of the 
effects of the other components, the hydrogen ion concentrations were 
adjusted to 0.5 M. 

k 

min -1 

1O-2 tip- 

10-2.52 10-2.4 10-2.2 1*-2.0 
%(I) ' M 

Fig. 3. Effect of hydrogen ion and copper(I) on the decay of the intermediate: *, CH+ = 
0.3;+, C,+ = 0.5;=, CH+ = 0.75;., CH+ = 1.0 M. 

3.4. Effect of copper(l) 
Since four solutions with different Ccul had to be examined in the case 

where the composition of the other components was fixed (for reasons 
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discussed above) most of the data were obtained on the effect of copper(I). 
kom the slopes of the lines in the plots of lg 12 uersus lg CcUr (Figs. 4 and 
5) ncul = 3.8 + 0.3 is obtained for the apparent order of the effect of cop- 
per(1) on the decay. This decrease in the decay rate is in accordance with 
the reversible process (2) assumed by Stevenson et al. [ 31 where the dy- 
namic equilibrium is shifted towards generation of the intermediate on 
increasing the concentration of copper(I). 

3.5. Effect of copper 
In view of the above-mentioned equilibrium, an enhancement in the 

concentration of copper(I1) increases the rate of decay, as Figs. 4 and 6 
also show. Since during the decay of the intermediate (without irradiation) 
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Fig. 4. Effect of copper and copper(I) on the decay of the intermediate ([Cl-] = 0.3 
M; CH+ = 0.5 M). 
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Fig. 5. Effect of chloride ion and copper(I) on the decay of the intermediate (cH+ = 0.5 
M; Ccull = 0.015 M). 

the concentration of copper does not change, the continuous lines of 
Fig. 6 provide an opportunity to determine the concentration of copper(I1) 
in solution after irradiation for 10 min. Projecting the rate constants for 
decay without the addition of copper on the lines C&II = (1.4 _+ 0.1) X 
lop3 M a value can be read off the abscissa. Taking this value as the starting 
point for correction by successive approximation, the actual copper(H) con- 
centration after 10 min irradiation may be estimated (about 2.3 X 10m3 M) 
together with the actual sIopes of the (broken) lines (ncun = 1.5 f 0.1). 
The former value gives the overall quantum yield %cU~~ = 1.3, taking into 
account the incident light intensity. This is in accordance with data from 
previous experiments [ 11. 
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6. Effect of copper(U) on the decay of the intermediate ([Cl-] = 0.3 M; CH+ = 0.5 

3.6. Effect of chloride ion 
The diagram for the accumulation of the intermediate (Fig. 1) has 

already supported the assumption that, in the range 0.2 - 0.4 M, the change 
of chloride ion concentration strongly affects the generation and disap- 
pearance of the yellow species. This is also confirmed by the results for 
the decay rate constant (Figs. 5 and 7). The apparent order is ?zcl- = 4.3 * 
0.3. This increase in the decay suggests that complexation is one of the 
processes being examined, i.e. complexes (probably dimeric or polymeric) 
with three or more ligands which are also intermediates with a short life- 
time can form during the decay. 

The chloride effect does not seem to be related to the existence of 
monomeric dichloro or trichloro copper(I) complexes because in the exam- 
ined [Cl-] range the changes in the mole fraction of these complexes were 
negligible compared with those in the decay rate [ 91. 



220 

k 
min- 

lo1 

10° 

=c"(I) r M 
v 0.009 

lo-o. 8 lo-o_7 1o-O-6 10-O-5 [Cl-l, M 

Fig. 7. Effect of chloride ion on the decay of the intermediate (C!~,II = 0.015 M; CH+ = 
0.5 M). 

3.7. Estimation of the concentration of the intermediate 
In the interaction of acidic solutions of copper(I) chloro complexes 

and Na13H4 a material is formed the visible absorption spectrum of which is 
identical with that of the examined species. Mixing CuCl, and KBH4 solu- 
tions in suitable proportions gave a similar result. If we assume that the 
material formed during the interaction is the same as the species formed 
in the photo-oxidation, the absolute concentration of the intermediate 
may be estimated. Considering the reaction between CuCl, and KBH, 
(CcuC1,/CKBH, > 2) to be stoichiometric, according to [lo] 

CuCl, + 2KBH4 + 6H,O - CuH + 2H,B03 + 2NaCl + 6.5H, (3) 

and accepting that the intermediate is a chloro complex derivative of CuH 
[3], the value e, = 5 X IO3 M-l cm-’ was obtained for its molar absorption 
coefficient. So in the chloride ion concentration range 0.1 - 0.3 M, 1.8 X 
10m4 M yellow species exist after irradiation of the 8 X 10e3 M CuCl solution 



for 10 min. This value is acceptable but the 
assumptions must be taken into consideration. 

4. Conclusions 
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uncertainty due to the above 

The results on the effects of the different components may be inter- 
preted as showing that dimeric or perhaps polymeric Cu’-Cu” chloro com- 
plexes form and disappear during the photo-oxidation of chlorocuprate(1) 
complexes. This is supported by the independent investigations of McConnel 
et al. [ 111 who noted an optical interaction in solutions of copper(I) and 
copper(H) chloro complexes; this effect was attributed to the formation of 
dimeric Cui-Cu” chloro complexes with three or more ligands. 

I I 

30 28 26 24 22 20 18 lo3 *cm -' 

30 28 26 24 22 20 18 lo3 *cm -' 

a- 

Fig. 8. Absorption spectra of the intermediate observed by Ferraudi (curve A) and in 
this work (curve B). 
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Moreover, it is possible that in the second, longer, period of the tran- 
sient observed by Ferraudi (using flash photolysis) [ 21 the species examined 
in this work had disappeared. This hypothesis is confirmed by the coinci- 
dence of the visible spectra of these two species (Fig. 8). In the case of 
these measurements the shorter decay time (millisecond time scale) can 
be accounted for by the facts that the copper(I) concentration (lop3 M) 
was much lower and the chloride ion concentration (0.5 - 1.0 M) higher 
than in our experiments. This assumption may be verified by examination 
of the copper(I) and copper(I1) dependences of the decay using flash pho- 
tolysis in concentration ranges which are unsuitable for the method used 
in this work. 
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