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The ultraviolet spectra of various concentrations of A1CI3, Al(C104)3, Al(NO&, and A12(S04)3 were measured. The objective 
of this investigation was to establish whether or not structural differences could be observed in aqueous solutions of these 
salts. (1) An absorption maximum was found at  240 nm for AlC13, Al(C104)3, and A12(S04)3. (2) A1(N03), exhibited 
a maximum absorption at  approximately 303 nm, which was found to be a direct function of the nitrate anion concentration. 
(3) Chloride and perchlorate anions did not replace inner-sphere groups of Al(II1) whereas sulfate caused the maximum 
a t  240 nm to vanish or collapse to a shoulder. (4) N o  correlation could be made between the molar absorptivity and the 
apparent absorbing species in solution. Equivalent conductance measurements indicated that sulfate anion, a t  concentrations 
higher than 0.50 M, exhibited stronger ion pairing than chloride, nitrate, and perchlorate. This indirectly confirmed the 
conclusion that sulfate anion substituted into the inner-coordination sphere of Al(II1). 

Initial studies involved infrared spectroscopic examination 
of aluminum salt solutions.' This report continues the study. 
Aluminum salt solutions activate aluminum surfaces at a rate 
peculiar to the individual anion. The immediate objective of 
this research was to establish structural or composition dif- 
ferences between four aluminum salt solutions. 

Electronic transitions in the ultraviolet region are dependent 
on the nature of the absorbing species and should reveal in- 
formation about the nature of the ionic atmosphere sur- 
rounding the aluminum cation and the nature of the transition 
responsible for absorption. 

There have been few studies of the absorption by aluminum 
salts in the ultraviolet and apparently none with aqueous so- 
lutions in the pH range of 2-4. Investigations by Fairbrother 
et a1.2 and Eley et al.3 involved studying the complexing ability 
of aluminum with olefins and benzene. Ultraviolet mea- 
surements of aluminum bromide in benzene show an absorp- 
tion below about 280 nm which does not obey Beer's law and 
of which only the absorption edge can be observed. Fairbrother 
et aL2 have proposed the following charge transfer scheme 
responsible for absorption at 280 nm 

C6H6aA12Br6 - C,&+.A12Br6- (1) 

Eley et a1.j found an intense peak at 297 nm in aluminum 
iodine-benzene solutions and ascribed this to an iodine- 
benzene complex of aluminum. 

The ternary system of aluminum nitratenitric acid-water 
was studied spectrophotometrically by Henry and B ~ o m a n . ~  
An absorption band found at 295 nm was a direct function 
of the nitrate concentration. 

Several studies by  sat^,^ Brosset,6 and Brintzinger7 have 
been made at higher pHs which involved the spectra of such 
species as AlOT, Al(OH),, Al,(OH),$-, and A1203(OH)86. 
These studies are not pertinent to the present investigation 
except in so far as they suggest possible charge-transfer re- 
actions. 

Jackson et a1.8 and Connick et al.9 used 170 NMR to dis- 
tinguish between solvent and coordinated water of various 
metal cation solutions including Al(II1) and found the coor- 
dination number of Al(II1) to be approximately 6. 
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Fratiello et al.'(t13 investigated the solution chemistry of 
Al(II1) using 'H NMR and arrived at  a similar conclusion. 

Relaxation techniques show that there are two important 
equilibria pertinent to the present study: 

Al(H20)63+ == A1(OH)(H20)s2+ + H+ (2) 

and the reaction of sulfate with these two species 

Al(OH)(H20)s2+ + S042- == A1(S04)(H20)s+ + OH- 
(3) 

or 

Al(H20)63' + S042- F= A1(S04)(H20)5+ + H 2 0  (4) 

These studies are pertinent because they suggest possible 
charge-transfer reactions. 

Experimental Section 
The aqueous solutions of AlC13, A1(C104),, Al(NO,),, and A1,- 

(SO,), were prepared with reagent grade materials. A concentrated 
stock solution was first prepared, and less concentrated solutions were 
made by successive dilution. The concentration of the stock solution 
was determined by EDTA analytical titrations, as described by 
W e 1 ~ h e r . l ~  

A Varian DMS 90 ultraviolet-visible spectrophotometer complete 
with a base line program correction factor was used to measure the 
absorbance of the aluminum salt solutions. The base line program 
stored the amount of absorption due to the solvent and with the base 
line correction function the base line was automatically subtracted 
from the spectrum of the solution being analyzed. Beckman 1 .O-cm 
path length cells were used to hold the solution. 

Scans were automatically performed between 280 and 215 nm for 
A1C13, AI(C104)3, and A12(S04)3 and between 340 and 225 nm for 
Al(NO&. Readings were made of the absorbance at  5-nm intervals 
and plotted against the wavelength; this allowed for an easy method 
to expand the ordinate and abscissa scales so maxima were easily 
distinguishable. 

Additional plots were made of concentration vs. the molar ab- 
sorptivities of the various salt solutions tested; and, Beer's law plots 
were also made of concentration against absorbance. In addition to 
spectroscopic measurements, the conductances of the four aluminum 
salts at various concentrations were measured. A Jones-Bollinger-type 
conductivity cell with platinized-Pt electrodes was used for all mea- 

A. Fratiello, R. E. Lee, V. M. Nishida, and R. E. Schuster, J .  Chem. 
Phys., 48 (8), 3705 (1968). 
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R. E. Schuster and A. Fratiello, J .  Chem. Phys., 47, 1554 (1967). 
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Table 1. Ultraviolet Absorption Data at 240 nni 
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Figure 1. Absorption spectra of aluminum chloride: 0, 0.2130 M; 
#, 0.5330 M. 

surements. The cell constant was determined at 25 OC with a 0.1000 
N KCI solution as 12.5547 cm-'. All conductance measurements were 
made with an Industrial Instruments conductivity bridge, Model RC 
16B2, with the cell thermostated at 25 OC. 

Results and Discussion 
Representative absorption spectra for AlCl,, A1(C1O4),, 

A12(S04),, and Al(N03), can be seen in Figures 1-5. Tables 
1-111 summarize the data collected and calculated for each 
salt. The molar absorptivity was calculated from Beer's law 
(eq 5, where A is the absorbance, b is the cell path length, and 
C the concentration in moles per liter). 

E = A / b C  ( 5 )  

Aluminum Chloride. Typical aluminum chloride spectra are 
shown in Figure 1. The maximum absorption occurs at 240 
nm and was initially attributed to the hexahydrated aluminum 
cation A1(H20)63+. A Beer's law plot for AlCl, revealed that 
adherence to the law was not observed in the 0.01-0.50 M 
range, and the amount of absorbance as the concentration 
varied was approximately constant over the concentration 
range investigated. Even at lower concentrations, 0.00107 and 
0.0053 M, the absorbance values were nearly the same as those 
found at  higher concentrations (see Table I for absorbance 
values at these concentrations). Beer's law failure is attributed 
to equilibrium reaction 2, which suggests that the concentration 
of the absorbing species was much different from that calcu- 
lated from the concentration of aluminum ion as determined 
by analytical procedures, e.g., EDTA titrations. 

It is known that several aqueous complexes are formed in 
aluminum salt solutions. The first step in the hydrolysis of 
aluminum chloride can be represented by eq 6. This reaction 

concn , molar 
salt mol L - '  absorb absorp 

AlCI, 0.00107 0.092 86.22 
0.005 3 0.089 16.69 
0.0107 0.093 8.72 
0.0221 0.092 4.16 
0.0533 0.097 1.82 
0.1067 0.095 0.890 
0.2 13 0.1 11 0.521 
0.277 0.094 0.339 
0.5 33 0.097 0.197 

Al(C10,), 0.0106 0.090 8.48 
0.0288 0.095 3.29 
0.0530 0.092 1.74 
0.1061 0.094 0.886 
0.1140 0.094 0.824 
0.212 0.096 0.453 
0.285 0.108 0.379 
0.530 0.101 0.190 

Al,(SO,), 0.0011 0.083 74.71 
0.01 1 0.093 8.38 
0.036 0.094 2.59 
0.055 0.108 1.95 
0.110 0.142 1.28 
0.222 0.213 0.959 
0.555 0.379 0.683 
1.110 0.333 0.299 

is followed by the deprotonation of an inner-sphere water 
molecule (reaction 2). 

A1Cl3(s) Al(H20),,+ + 3CUaq) ( 6 )  

It is likely that the absorption maximum at 240 nm was due 
to the Al(OH)(H20)52' complex, which could result in the 
charge-transfer scheme shown in eq 7.  

Al3+(0H-)( H2O)S -* A12+(0H)(H20)5 (7) 

Charge-transfer spectra are most common among the 
transition-metal complexes that give rise to covalently bonded 
structures where transfer of charge occurs between the ligand 
and metal. However, charge-transfer bands can also occur 
in ion pairs formed by a coordinately saturated complex cation 
and a polarizable anion. These spectra are commonly known 
as ion pair charge-transfer bands. According to Balzani et 
al.," the intensity of these bands depends on the formation 
constant of the ion pair and on the concentration of the two 
ions. 

The equilibrium constant for reaction 2 is 1.12 X 10-5,16 and 
this indicates that the concentration of Al(OH)(H20)s2' is 
of the order of lo-, M in the concentration range investigated. 
Experimently it was seen that the intensity of the absorption 
band at 240 nm was low, which seems to be a direct result of 
the availability of A1(OH)(H20)52+ for absorption. If Al- 
(H20)63+ was responsible for absorption at 240  nm, then it 
seems most likely that a more intense absorption band would 
result since the concentration of A1(H20),3' exceeds that of 
A1(OH)(H20)52'. Experimentally this was not observed. 

An experiment was conducted by adding 0 .75  M sodium 
sulfate to different volumes of 0.1067 M AlC13. Figure 2 shows 
the absorption spectra of two of these solutions. It can be seen 
that the absorption maximum normally found at 240 nm has 
been altered and shows up, more or less, as a shoulder and not 
a distinct maximum. This phenomenon was most likely due 
to sulfate anion interaction with the inner-sphere groups of 
aluminum (reactions 3 and 4). 

( 1 5 )  V. Balzani and V. Carassiti, "Photochemistry of Coordination 
Compounds", Academic Press, London and New York, 1970. 

(16) F. A. Cotton and G .  Wilkinson, 'Advanced Inorganic Chemistry", 2nd 
ed., Interscience. New York, 1966, p 437. 
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F i i  2. Absorption spectra of AICI, + Na$04: H, 10 mL of 0.1067 
M AICl, + 25 mL of 0.75 M Na2S04; 0 ,  5 mL of 1067 M AlCl, 
+ 25 mL of 75 M Na2S04. 

Table 11. Absorbance Values for Solutions of 0.1067 M 
AICL, + 3.0 M NnCl 

AI3+ concn, 
s o h  comp mol L-' A 

1 mL of 0.1067 M A1C1, + 0.00107 M 0.096, 0.093, 0.094, 
100 mL of 3.0 M NaCl 

5 mL of 0.1067 M AlC1, + 0.00533 M 0.097,0.093,0.094, 
100 mL of 3.0 M NaCl 

10 mL of 0.1067 M AlC1, + 0.01067 M 0.098, 0.093, 0.094, 
100 mL of 3.0 M NaCl 

0.094, 0.093 

0.096,0.094 

0.098,0.092 

The presence of A1(S04)(H20)5+ would necessarily reduce 
the amount of A1(OH)(H20)s2+ available for absorption; 
however, since reaction 3 is an equilibrium process, then 
enough of the absorbing species is present to give a noticeable 
shoulder at 240 nm. 

The addition of excess C1- to solutions of AlC13 had no effect 
on the absorption at 240 nm. A 100-mL quantity of 3.0 M 
NaCl was added to different volumes of 0.1067 M AlC1, and 
the absorption spectra measured (see results in Table 11). This 
result confirms that C1- does not interact with the inner-co- 
ordination sphere waters of aluminum. The effective con- 
centration of each salt after dilution with NaCl is also listed 
in Table 11. A1Cl3 solutions of the same concentration were 
also measured and a comparison was made. As can be seen 
by inspection of Tables I and 11, the absorbance of each so- 
lution was nearly the same. There was no apparent change 
whether AlC1, solutions were diluted with aqueous NaCl or 
water. 

Aluminum Perchlorate. Aluminum perchlorate spectra are 
shown in Figure 3. Table I lists all of the absorption data 
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Figure 3. Absorption spectra of aluminum perchlorate: A, 0.0288 
M; H, 0.0570 M; 0, 0.1 140 M; A, 0.2850 M. 

for the aluminum perchlorate solutions tested. The maximum 
absorption occurs at 240 nm. A comparison between Figures 
1 and 3 will reveal that the spectra of aluminum perchlorate 
and aluminum chloride are nearly identical. 

The addition of 0.75 M sodium sulfate to 0.1061 M alu- 
minum perchlorate gave results identical with that of alu- 
minum chloride solutions with excess sodium sulfate added, 
as shown in Figure 2. 

The Beer's law plot for aluminum perchlorate exhibited 
behavior similar to that of aluminum chloride where the ab- 
sorbance and concentration were nearly constant, particularly 
at  higher concentration values. The pertinent concentration 
of absorbing species was obviously different from that used 
to construct the Beer's law plot. It seems likely that the species 
A1(OH)(H20)52' is responsible for absorption at 240 nm 
rather than the hexahydrated species, Al(H20)63+. 

Sulfate anion was assumed to replace the O H  of the in- 
ner-coordination sphere of aluminum (reaction 3). The pro- 
duction of AI(S04)(H20)5+ in solutions of Al(C104), and 
AlC13 by added S042- resulted in a definite decrease in the 
absorption maximum at 240 nm. This observation, in turn, 
confirms the validity of eq 3, suggesting again that the ab- 
sorbing species is A1(OH)(H20)52+ as postulated for AlCI, 
and given by eqation 2. 

Aluminum Sulfate. Spectra for A12(S04), solutions are 
shown in Figure 4. At concentrations below about 0.10 M, 
the spectra resembled those of AlC1, and A1(C104),; however, 
above 0.10 M the distinct maximum at 240 nm appears as a 
shoulder. 

Inspection of Table I reveals that absorbance values were 
generally higher for A12(S04), than for AIC1, and Al(C104)3. 
A plot of absorbance vs. concentration over the concentration 
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Figure 4. Absorption spectra of aluminum sulfate: 0, 0.1 1 1 M; 7, 
0.222 M; 0, 0.01 11 M. 

Table 111. Ultraviolet Absorption Data at 303 nm for 
Aqueous A1(N03);9H,0 __________ ~ ~ 

concn. molar concn, molar 
mol L ~ '  absorb absorp mol L - '  absorb absorp 

0.0010 0.066 63.46 0.0521 1.150 22.07 
0.0052 0.083 15.93 0.1040 2.173 20.89 
0.0104 0.256 24.61 

._____.____I_ 

range 0.001 1-0.555 M is linear, indicating that absorption in 
aluminum sulfate solutions follows Beer's law as contrasted 
with the behavior in AlCl, and AI(C104), solutions, suggesting 
that a different charge-transfer mechanism operates in the 
sulfate case. The position of the absorption maximum was 
not altered for A12(S04), but merely reduced to a shoulder 
at high sulfate concentrations. On the other hand it appears 
that in the chloride and perchlorate cases, sulfate anion was 
actually interfering with the major absorbing process. 

The absence of a distinct maximum at higher concentrations 
was most likely due to an increase in the interaction with the 
inner-coordination sphere to Al(II1) by sulfate, as proposed 
earlier with the addition of Na2S04 to solutions of AlCl, and 
Al(C1O4),. Excess Na2S04 (0.75 M) added to 0.0111 M 
A12(SO4), resulted in the elimination of the distinct maximum 
at 240 nm. These results clearly indicated that equilibrium 
reaction 3 dominanted at higher SO:- concentrations with the 
equilibrium shifting to the right and reducing the concentration 
of the A1(OH)(H20)s2' absorbing species. 

Aluminum Nitrate. Typical spectra for aluminum nitrate 
are shown in Figure 5, and Table I11 lists the absorption data 
at 303 nm. The spectra are dominated by a maximum at 303 
nm which was a direct function of the nitrate concentration. 
The addition of excess nitrate ion, as NaNO,, to solutions of 
AlCl, and A1(C1O4), resulted in spectra similar to those for 
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Figure 5. Absorption spectra of aluminum nitrate: 0,0.0014 M; 0, 
0.0052 M. 

pure Al(NO3), solutions. Absorption increased rapidly below 
about 260 nm and absorbance values exceeded 2.5, with no 
maximum being observed. This dependence on nitrate con- 
centration was also observed by Henry et aL4 at 295 nm for 
nitrate solutions. 

NMR studies'*13 suggest that nitrate interacts with Al(II1) 
through one water molecule; that is, the ion pair formed is 
solvent separated. Like AlCl,, Al(ClO,),, and A12(S04),, 
A1(N03), is completely ionized upon dissolution. A1(H20)63' 
would most likely give rise to the formation of Al- 
(OH)(H20)5,2' which should exhibit an absorption maximum 
at 240 nm; however, the nitrate ion seems to form a complex 
wherein NO3- interacts or interferes with A1(OH)(H20)52' 
and Al(H20)63'. Raman studies by Hester et al." gave ev- 
idence for ion pairing in the spectra of nitrate solutions. 

Conductivity Measurements. Conductivity measurements 
were obtained for the four aluminum salts. Since electrolytic 
conductance is dependent on the number and charge of the 
current carrying species, ion pair formation will lower the 
conductivity of a given solution. Spectroscopic results indicated 
that sulfate anions displaced inner-coordinate sphere water or 
hydroxide molecules of AI(II1). The formation of Al- 
(S04)(H20),' would be expected to cause a decrease in the 
conductivity of a given aluminum sulfate solution, and this was 
observed experimently. 

Figure 6 shows a plot of equivalent conductance vs. the 
square root of the concentration for AlCl,, Al(C104),, Al(N- 
O,),, and A12(S04),. The first three salts exhibited linear 
behavior over the concentration range investigated as expected 
for strong electrolytes; however, A12(S04), deviated from 
linearity at higher concentration values, above about 0.555 M, 
and showed appreciably lower conductances. This deviation 
was interpreted to be due to an increase in sulfate substitution 

(17) R. E. Hester and R. A. Plane, Inorg. Chem. 3, 769 (1964). 
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68.00, 71.44, and 159.62 respectively; and the &,+ for Al(II1) 
as determined by Frink et al.19 is 59.70. 

From these conductance measurements it is concluded that 
AlCl, and A1(ClO4), solutions have A1(OH)(H20)52+ and 
A1(H20)63+ as the principal charge carriers whereas A12(S04)3 
solutions will have A1(S04)(H20)5+ as well. If Al- 
(S04)(H20),+ predominates over A1(OH)(H20)52+, then the 
conductance will be significantly lower for A12(S04)3 solutions. 
Experimentally this was observed. 
Conclusion and Summary 

The wavelength of maximum absorption for AlCl,, Al- 
(C104)3, and A12(S04), was located at 240 nm. A1(N03)3 
exhibited a maximum absorption at approximately 303 nm; 
it also absorbed in the 240 nm range, but no maximum was 
observed because absorbance values were above 2.5. 

Sato's5 investigation of sodium aluminate solutions revealed 
an absorption maximum at 230 nm which was attributed to 
the hydrated aluminum cation Al(H20)63+. The solutions 
tested in this investigation were at pH values below those 
solutions investigated by Sato. And after consideration that 
pH strongly affects the nature of complexes, a slight shift in 
the hydrated aluminum cation absorption maximum is not 
surprising. 

The absorption spectra for AlCl, and Al(C104), were nearly 
identical, and all the experimental evidence indicates that C1- 
and C104- ions do not interact with the inner-coordination 
sphere of aluminum. Conductance measurements support this 
conclusion. 

A12(S04)3 solutions, particularly at high concentrations, 
differed from AlCl, and Al(C104)3 solutions in that S042- 
replaced an inner-sphere group according to eq 3. The for- 
mation of A1(S04)(H20)5+ reduced the absorption maximum 
at 240 nm to a shoulder, and eventually at high enough con- 
centrations of S042- the maximum vanished. The formation 
of A1(S04)(H20)5+ was supported by conductance data. Not 
only were the equivalent conductance values lower than the 
values observed for the other three salts at comparable con- 
centrations, but at higher concentrations of SO:- the con- 
ductance decreased below values observed for lower concen- 
trations. This result was most likely due to the reduced charge 
of the A1(S04)(H20)5+ complex as compared to charge car- 
riers such as Al(H,O),,+ and A1(OH)(H20)5Z+. The ab- 
sorption spectra for A12(S04), at low concentrations was very 
similar to that of AlCl, and Al(C104)3. 

A1(N03), solutions were characterized by an absorption at 
303 nm, which was a function of the NO3- concentration. At 
all concentrations of Al(NO3),, it was observed that no ab- 
sorption maximum occurred at 240 nm; however, absorbance 
readings were found to exceed 2.5. Experimental results gave 
no evidence for NO3- substitution into the inner-coordination 
sphere of Al(II1). NMR indicated that NO3- 
interactions are limited to solvent separated ion pairs. But, 
this does not explain the absence of the 240-nm absorption 
peak, in the same manner as aluminum sulfate. Conductance 
data supported the postulate that aluminum sulfate was sub- 
stituting into the inner-coordination sphere of Al(II1); however, 
the same results were not found for NO3-; in fact, aluminum 
nitrate behaved like aluminum chloride and perchlorate. 

The results of this investigation suggest the following: 
(1) The charge-transfer reaction 

A13+(OH-)(H20)5 - A12+(OH) (H,O), 

is responsible for absorption at 240 nm. 
(2) Sulfate anion replaces an inner-sphere group of alu- 

minum to give the A1(SO4)(H2O),+ complex, causing a re- 
duction of the absorption maximum at 240 nm. 
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Figure 6. Equivalent conductance vs. the square root of the con- 
centration: m, AICl,; 0 Al(CIO4),; 0, AI(NO,),; ., Al,(S04),. 

Table N. Conductance Data a t  25 "C 

specific 
concn, conduct, conduct equiv 

salt N n-' .f-' cm-' conduct C1'z 

AlCI, 0.160 
0.320 
0.640 
1.600 
3.201 

Al,(SO,), 0.166 
0.333 
0.666 
1.665 
3.333 

AI(C10,), 0.159 
0.318 
0.636 
1.590 
3.183 

Al(NO,), 0.156 
0.312 
0.624 
1.563 
3.120 

0.00106 
0.00199 
0.00352 
0.0069 1 
0.00961 
0.00069 
0.00122 
0.00194 
0.0028 7 
0.001 85 
0.00104 
0.00193 
0.00351 
0.00704 
0.01 000 
0.00103 
0.00189 
0 .OO 3 35 
0.00655 
0.00872 

0.0134 
0.0250 
0.0442 
0.0863 
0.1207 
0.0087 
0.015 3 
0.0244 
0.0361 
0.0233 
0.01 30 
0.0242 
0.0441 
0.0884 
0.1255 
0.0129 
0.0237 
0.0420 
0.0822 
0.1094 

83.56 
78.25 
69.08 
54.26 
37.60 
52.16 
46.01 
36.60 
21.66 

6.98 
81.63 
74.65 
66.08 
51.71 
34.39 
83.39 
77.53 
70.66 
56.56 
40.24 

0.40 
0.56 
0.80 
1.26 
1.80 
0.4 1 
0.5 7 
0.82 
1.29 
1.82 
0.39 
0.56 
0.79 
1.26 
1.78 
0.39 
0.56 
0.78 
1.25 
1.77 

with inner-sphere higher concentrations. 
Table IV gives the conductance data. It should be pointed 

out that the concentration range studied was substantially 
higher than that covered by theoretical laws, e.g., Debye- 
Hiickel-Onsager up to 0.01 M and the Davies equation up to 
0.1 M. Extrapolation to infinite dilution, according to theory, 
to achieve a limiting conductance value must be made in the 
dilute range. However, the ratio of the equivalent conductance 
at a given concentration to the theoretical & can be considered 
as a qualitative measure of ion pairing or at least a measure 
of the total effect of the ion atmosphere. 

A theoretical A. can be calculated by using Kohlrausch's 
law of independent migration (eq 8). Values for C1-, C104-, 

A0 = Xo+ + Xo- (8) 
NO3-, and S042- are available from the literature:Is 76.35, 

(18) S. Glasstone, 'Introduction to Electrochemistry", Van Nostand, 
Princeton, N.J., 1942, p 56. (19) C. R. Frink and M. Peech, Znorg. Chem., 2, 473 (1963). 
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(3) Aluminum nitrate spectra are dominated by the 303-nm 
absorption peak, which is a direct function of NO3- concen- 
tration. No maximum at 240 nm is observed. 

(4) C1- and C1Oi  do not replace inner-sphere groups. 
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The photochemistry of the following 1,2-dithiolene complexes has been investigated. M(S2C2R2)2z: M = Ni, Pd, Pt, R 
= CN, z = 2-, I-; M = Ni, Pt, R = C6HS, z = 0; M = Ni, R = C&, z = 1-. These complexes were not light sensitive 
in most solvents such as acetonitrile. Those complexes which are oxidized at potentials between E l / 2  = 0.1 and 0.5 V vs. 
SCE (M = Ni, Pd, Pt, R = CN, z = 2-; M = Ni, R = C6HS, z = 1-) were photooxidized in CHC13 with light of wavelengths 
between 300 and 350 nm. The other complexes which are oxidized at higher potentials are not light sensitive in CHCI,. 
It is suggested that the reactive excited state is of the charge-transfer-to-solvent (CTTS) type. The energy of this state 
depends only on the redox potentials of the complex and the solvent. When CHCI, as solvent was replaced by the stronger 
oxidant CC4, the photoactive wavelength region was shifted to the red. It was blue shifted when the weaker oxident CH2C12 
was used. The CTTS states may be reached by internal conversion from higher intramolecular excited states. Direct light 
absorption by CTTS bands is not necessary to initiate the photooxidation. 

Introduction 
The photooxidation of coordination compounds may occur 

by quite different mechanisms. Bimolecular electron transfer 
from electronically excited transition-metal complexes to re- 
ducing agents has been extensively investigated recently.'V2 
Another example is the photooxidation of certain cyanide 
complexes in aqueous solution accompanied by the production 
of solvated  electron^.^-^ However, the majority of photo- 
oxidations of a great variety of transition-metal complexes has 
been observed in halocarbon solvents; where solvent molecules 
act as electron  acceptor^.^-'^ Although charge-transfer-to- 
solvent (CTTS) states may be important in some  case^,^,^,^ the 
nature of the photoactive excited states does not seem to be 

very clear. The present study may contribute to a better 
understanding of these photooxidations. 

For our investigation we selected 1,2-dithiolene complexes" 
of Ni, Pd, and Pt. This choice was guided by the following 
considerations. By a variation of the metal, the dithiolene 
ligand, and the charge of the complex, its electronic structure 
can be altered to a great extent. It was expected that such 
changes would influence the photochemical behavior consid- 
erably and lead to a correlation between electronic structure 
and photoreactivity. 

Another interesting aspect of the present study is the 
growing interest in coordination compounds with sulfur- 
coordinating ligands12 due to their importance in biological 
systems. So far only a few investigations of the photochemistry 
of sulfur-containing complexes have been carried al- 

Whitten, D. G. Acc. Chem. Res. 1980, 13, 83. 
Balzani, V.; Bolletta, F.; Gandolfi, M. T.; Maestri, M. Top. Currenr 
Chem. 1978. 75. 1. 

though such complexes are known to participate in photo- 
synthesis.'2 

(a) Waltz, W. L:; Adamson, A. W. J. Chem. Phys. 1969, 73,4250. (b) 
Waltz, W. L.; Adamson, A. W.; Fleischauer, P. D. J .  Am. Chem. SOC. 
1967,89, 3923. 
Kalisky, 0.; Shirom, M. J. Photochem. 1977, 7, 215 and references cited 
therein. 
(a) Brand, J. C. D.; Snedden, W. Trans. Faraday SOC. 1957, 53, 894. 
(b) Traverso, 0.; Scandola, F. Inorg. Chim. Acra 1970, 4, 493. 
Bock, C. R.; Wrighton, M. S. Inorg. Chem. 1977, 16, 1309. 
Mann, K. R.; Gray, H. B.; Hammond, G. S. J. Am. Chem. SOC. 1977, 
99, 306. 
(a) Schwendiman, D. P.; Zink, J. I. J .  Am. Chem. SOC. 1976.98, 1248, 
4439. (b) Liu, P.-H.; Zink, J. I. Ibid. 1977, 99, 2155. 
(a) Miessler, G. L.; Stuky, G.; Smith, T. P.; Given, K. W.; Palazotto, 
M. C.; Pignolet, L. H. Inorg. Chem. 1976, 15, 1982. (b) Given, K. W.; 
Mattson, B. M.; McGuiggan, M. F.; Miessler, G. L.; Pignolet, L. H. 
J .  Am. Chem. SOC. 1977, 99,4855. (c) Given, K. W.; Mattson, B. M.; 
Pignolet, L. H. Inorg. Chem. 1976, 15, 3152. (d) Miessler, G. L.; 
Zoebisch, E.; Pignolet, L. H. Ibid. 1978, 17, 3636. 
(a) Vogler, A.; Lase, W.; Kunkely, H. J .  Chem. Soc., Chem. Commun. 
1979, 188. (b) Vogler, A,; Kunkely, H. Angew. Chem., Inr. Ed. Engl. 
1980, 19, 221. (c) Vogler, A.; Kunkely, H. J. Am. Chem. SOC. 1981, 
103, 1559. (d) Vogler, A,; Kunkely, H. Angew. Chem., I n f .  Ed. Engl. 
1981, 20, in press. 

Experimental Section 
Materials. The complexes [N(C2Hs)4]2(M[S2C2(CN)2],J, with M 

= Ni,I4 Pd,ls and Pt,14 (M[S,C2(C,Hs)2]2), with M = Ni, Pt,I6 and 
[N(C2H5),](Ni[S,C,(C,H5)2]J17 were prepared according to published 
procedures. Their electronic absorption spectra agreed well with those 
reported previo~sly.'~-'~ All solvents used in the photochemical 

( I  1) (a) McCleverty, J. A. Progr. Inorg. Chem. 1968,10,49. (b) Burns, R. 
P.; McAuliffe, C. A. Adu. Inorg. Chem. Radiochem. 1979, 22, 303. 

(12) Holm, R. H. Ace. Chem. Res. 1977, 10, 427 and references cited 
therein. 

(13) Adamson, A. W. Pure Appl. Chem. 1979, 51, 313. 
(14) Billig, E.; Williams, R.; Bernal, I.; Waters, J. H.; Gray, H. B. Inorg. 

Chem. 1964, 3, 663. 
(15) Bahr, G.; Schleitzer, G. Chem. Ber. 1957, 90, 438. 
(16) Schrauzer, G. N.; Mayweg, V. P. J .  Am. Chem. SOC. 1965,87, 1483. 
(17) Davison, A.; Edelstein, N.; Holm, R. H.; Maki, A. H. Inorg. Chem. 

1963, 2, 1227. 
(18) Shupack, S. I.; Billig, E.; Clark, R. J. H.; Williams, R.; Gray, H. B. J.  

Am. Chem. SOC. 1964, 86, 4594. 
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