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the cis + trans photoisomerization of Pt(gly)n, in 
order to explain the lack of the inverse photochemical 
process, i t  might be thought that  one of the steps of the 
inverse isomerization is improbable for energetic rea- 

sons. Such critical steps may be either the passage 
from the trans triplet excited state to the tetrahedral 
intermediate state or the passage from the tetrahedral 
state to the cis triplet excited state. 
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The photochemical behavior of the following complexes has been studied: or-tris( glycinato)cobalt( 111), p-tris( g1ycinato)- 
cobalt(III), a-tris(alaninato)cobalt(III), or-tris(valinato)cobalt(III), or-tris(glutamato)cobalt( 111)3--, and p-tris(g1utamato)- 
cobalt(II1)3-. The solutions of these complexes are very photosensitive (quantum yields 0.16-0.33) to light of 254 and 313 
mp wave length, which corresponds to electron-transfer bands, whereas they are only slightly photosensitive t o  excitation in 
d-d bands. Irradiation a t  254 mp leads to the decomposition of the complexes, with production of Co(HzO)sZf ions, amino 
acids, and amino acid oxidation products. The photochemical behavior of the complexes does not substantially depend 
on the type of coordinated amino acid or on the geometrical configuration of the complexes. The quantum yield a t  254 mp 
increases slightly with temperature and is practically independent of the H' concentration of the solution. The nature 
of the excited states is correlated with their chemical behavior. A mechanism is proposed which interprets the photochemical 
decomposition as results from excitation a t  an electron-transfer band. 

Introduction 
Our researches on the photochemistry of coordina- 

tion compounds aim a t  correlating photochemical re- 
activity with theoretical predictions based on the elec- 
tronic absorption spectra.l In  this paper we examine 
the photochemical behavior of the following complexes : 
a -tris (glycinato) cobalt (I 1 I), @-tris (glycinato) cobalt- 
(111) , a-tris (alaninato) cobalt (111) , a-tris (valinato) - 
cobalt(III), a-tris(glutamato)cobalt(III)3-, and p- 
tris(glutamato)cobalt(III) 3-. In these complexes the 
electron-transfer bands are distinct from the d-d bands ; 
consequently excitation with suitable radiation makes it 
possible to study the chemical behavior of the different 
excited states. 

Experimental 
Materials.-a- and p-tris(glycinato)cobalt(III) and a-tris- 

(alaninato)cobalt(III) were prepared according to  Ley, et aZ.2 
a-Tris(valinato)cobalt( 111) was prepared according to Carassiti 
and C l a ~ d i . ~  a- and p-tris(glutamato)cobalt(III)3- ions were 
obtained in solution starting from the corresponding Pb salts,4 
through a double decomposition reaction with KzS04. The a 
forms (violet) are fairly soluble in water, whereas the forms 
ired) are slightly soluble; they correspond, respectively, to the 
trans (1,2,6) and the czs (1,2,3) isomers which are possible for 
M(AB)3 octahedral complexes. On the basis of a ligand field 
interpretation of their electronic absorption spectra the assign- 
ment of the trans configuration to the or form and of the cis con- 
figuration to the @ form has been made.6 

(1) For the previous paper in this series see V. Balzani, V. Carassiti, L. 

(2) H. Ley and H. Winkler, Bey. ,  4'2, 3894 (1909); H. Ley and H. Winkler, 

(3) V. Carassiti and M. Claudi, Art%. chim. (Rome), 50, 581 (1960). 
(4)  I. Lifschitz, Proc. Accad.  Sci. Amstevdam, 39, 1192 (1936). 

Moggi, and F. Scandola, Inovg. Chem., 4, 1243 (1965). 

ibid., 45, 372 (1912); H. Leyand K. Ficken, ibid., 50, 1123 (1917). 

Apparatus.-The general irradiation equipment is the one 
previously described with regard to the 254, 313, and 365 m p  
radiations.' The set used to isolate the 546 mp radiation was the 
following. The source was a Hanau Q 400 high-pressure 
mercury vapor lamp; the filterB consisted of 2 cm. of 10% w./v. 
CuS04-5HzO in 0.01 N HzS04, 1 cm. of a solution containing 50 
ml. of C U C I Z . ~ H ~ O  (1000 g. in 1 1 .  of water) and 50 ml. of 3 M 
CaC12, and 2 cm. of a solution containing 15 g. of KzCrz07 in 1 1. 
of water. Extraneous transmission (-7%) was between 525 
and 557 mp. The general arrangement is that  previously de- 
scribed for the 365 m p  radiation.' The photochemical reaction 
was carried out in a closed spectrophotometer cell (thickness 1 
cm., capacity 3 ml.). The 
slit limiting the light beam, having almost the same width as that 
of the window of the reaction cell, was placed just in front of the 
cell. The light intensity a t  254,313, and 365 m p  was measured by 
means of a uranyl oxalate a~t inometer ,~  and a t  546 m p  by means 
of a ferric oxalate actinometer.6 The number of einsteins/ 
minute striking the reaction cell was of the order of 1 X 10-6 a t  
all wave lengths used. Absorption spectra were measured by an 
Optica CF4-XI spectrophotometer, which makes possible both 
manual measurements and automatic recording. 

Procedures .-Preliminary experiments verified the lack of 
induction periods and post-photochemical effects. The kinetics 
of the photoreactions was followed spectrophotometrically a t  
the maximum of the visible absorption band (520-540 m p ) .  The 
reactions were carried out with -5 X M solutions. T h t  
light intensity measurements were performed before and after 
each experiment. 

This cell was thermostated to 0.2". 

Results 
Thermal Stability.-It has already been noted that 

the Co(III)-amino acid complexes are stable with re- 
(5) (a) F. Basolo, C. J. Ballhausen, and J. Bjerrum, Acta Chem. Scand., 

9, 810 (1955); (b) V. Carassiti and A. M. Marinangeli, Ann. chirn. (Rome). 
60 ,  593 (1960). 

(6) C. G. Hatchard and C. A. Parker, PYOC. Roy.  SOC. (London), A236, 
518 (1956). 

(7) G. S. Forbes and L. J. Heidt, J. Ant. Chon. SOL, 66, 2363 (1934). 
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TABLE I 
QUAXTUM YIELDS FOR THE PHOTOCHEMICAL DECOMPOSITION O F  COBALT( I I I ) - A ~ M I N O  AkCiD COMPLEXES I N  XCiD SOLUTIONS 

Temp.,  X of excitation, m~---------- 
Cobalt(II1j compd." HrSOa, .V OC. 2 2  313 365 546 

a-Tris( glycinato) 10-3 2 d 0 .20 . . .  . . .  . . .  
a-Tris( glycinato) 10-2 25 0.23 . . .  . . .  . . .  
a-Tris( glycinato ) 10 -1 25 0 I25 0.26 -1 x 10--3 d 0 - 3 ~  

a-Tris( glycinato) 4 25 0.24 0.27 -1 x 10-3 . . .  
a-Tris( glycinato ) 10 -1 50 0.31 . . .  . . .  . . .  
a-Tris( glycinato) 10 -1 75 0.35 . . .  . . .  . . .  
p-Tris( glycinato) 10-1 25 0.17 0.19 -1 x 10-3 ((10-3 
a-Tris( alaninato) 10-1 25 0.31 0.21 -1 x 10-3 <<10-3' 
a-Tris( valinato) 10 -1 25 0.33 0.16 1 x 10-2 < < 1 0 - 3 ~  

a-Tris( valinato) 10-1 50 0 . 4 4  . . I  . . .  . . .  
a-Tris(va1inato) 10 -1 75 0 .47  . . I  . . .  ( (10-3L 
a-Tris( g l ~ t a m a t o ) ~  - 10-1 25 0.33 0.28 ((10 -3 ((10-3b 
p-Tris( glut am at^)^- 10-1 25 0 . 3 1  0 .21  -1 x 10-3 << 10 -3 I, 

a The solutions of the complexes are -5 X M .  
lower than the sensitivity of our experimental method. 

This entry means that, if a photodecomposition occurs, i t  has a quantum yield 

3 4 5 6 lo3 A 
Figure 1.-Electronic absorption spectra of tris(g1ycinato)- 

cobalt( 111 j complexes: dotted line, trans isomer; full line, cis 
isomer. Vertical lines correspond to the nearly monochromatic 
exciting radiations (extraneous transmissions are reported in the 
Experimental section). 

spect to acid hydrolysis, so that they can be dissolved 
in concentrated acids without undergoing any altera- 
tion.5b We have verified that solutions of these com- 
plexes remain unaltered, a t  25') for a time longer than 
that employed for the photochemical reactions. For 
experiments carried out a t  higher temperatures correc- 
tions were made for simultaneous thermal reactions. 

Photochemical Behavior.-The electronic absorp- 
tion spectra of the complexes studied are all very 
similarsb ; we report here, as an example, only the spec- 
tra of the a: and fl  forms of the tris(g1ycinato)cobalt- 
(111) complex (Figure 1). In  this figure the vertical 
lines correspond to the X values used for the excitation. 
On irradiation of aqueous solutions of these complexes 
with light of 254 and 313 nip complete decomposition 
occurs, as shown by the disappearance of their char- 
acteristic color. The final spectrum coincides with that 
of the C O ( H ~ O ) ~ ~ +  ion.8 For the photoreactions at 
254 mp, in which the absorption of light is essentially 

(8) If the solution is not suficiently acid, the bis(glycinato)cobalt(IIj 
see L. E. Maley complex can be obtained instead of the Co(HzO)bzt ion; 

and I3. P. Mellor, J .  Aiislialiaiz Sci. Res., 2 ,  579 (1959). 

30 50 70 minutes 10 
Figure 2.-Plots of absorbance vs time for the photochemical 

reaction a t  25" of a-tris(glycinato)cobalt( 111): a, excitation 
with 254 m p  radiation; b, excitation with 313 m p  radiation. 

complete during the time of the experiment, the ab- 
sorbance of the solution decreases linearly with time 
(curve a in Figure 2). The quantum yield can be 
calculated from the slope of the absorbance vs time 
plots. XVith light of 313 mp, our experimental condi- 
tions were such that the absorption of light decreased 
as the reaction proceeded, so tha t  the decrease of the 
absorbance with time was not linear (curve b in Figure 
2).  Therefore the quantum yields were calculated by 
means of a numerical integration. The values of the 
quantum yields for the excitation at 254 and 313 mp 
are reported in Table I ;  the experimental error in these 
values is no more than * 10%. Irradiations a t  365 mp 
also lead to decomposition of the complexes; in this 
case, however, the quantum yield is much lower and 
only an approximate evaluation of its magnitude is 
possible (Table I). Irradiations a t  546 nip lead to no 
detectable variation in the absorption spectrum of the 
solutions. In order to evaluate the influence of the 
reaction conditions on the quantum yield some experi- 
ments l ~ e r e  made in various acid solutions and at 
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SCHEME I 
ALTERNATIVE MECHANISMS FOR THE PHOTOCHEMICAL DEMOLITION OF TRIS( GLYCINATO)COBALT( 111) CAUSED 

BY ELECTRON-TRANSFER EXCITATION 
hu 

(1) Co(g1y)S ----t *Co(gly)3 + Co(g1y)Z + oxidation products of glycine 

I H+ 
H20 Co(HzO)e*+ + 2glyH 

various temperatures. The quantum yields for these 
experiments have also been reported in Table I. 

For the a-tris(glycinato)cobalt(III) complex we 
have measured by means of a colorimetric method9 the 
concentration of the glycine which is present after 
total decomposition using light of 254 mu. We found 
two molecules of glycine for each molecule of the initial 
complex. Formaldehyde, which is one of the oxida- 
tion products of glycine,1° was also found among the 
final products of the same photoreaction. Analogously 
the presence of acetaldehyde in a solution of a-tris- 
(alaninato)cobalt(III) irradiated with 254 mu. radiation 
was detected. 

Discussion 
The electronic absorption spectra of the Co(II1)- 

amino acid complexes (Figure 1) show two distinct 
kinds of bands: a high intensity one in the ultraviolet 
and a low intensity one in the visible region. The 
bands of the first kind are not due to electronic transi- 
tions in the ligands and, for the reasons discussed by 
Yamaterall with regard to the halogenopentaammine- 
cobalt(III)2+ ions, are also not due to 3d-4p transitions 
inside the central metal atom. The most probable 
interpretation for such bands is that they are due to the 
transitions involving a charge transfer from a molecular 
orbital mainly localized on the ligands to one of the 3d 
(u*) orbitals (e, in the approximation of an octahedral 
symmetry) of the central metal atom. The absorp- 
tion bands in the visible region with e of the order of lo2 
have been attributed to d-d transitions. Although the 
extent of splitting has not been sufficient to form sepa- 
rate bands, it  is evident (Figure l) that absorption over 
500 mp of the a form is due to more than one band: 
hence it is reasonable to attribute the trans configura- 
tion (rhombic field) to the a form and the cis configura- 
tion (cubic field) to the p form. The experimental 
results show that the photosensitivity of the Co(lI1)- 
amino acid complexes is different in electron-transfer 
or d-d bands. It may be expected that in the com- 
plexes under examination the photodemolition due to 
excitation in electron-transfer bands may result: (1) 
directly from the radial redistribution of the electronic 

(Q) G. L. Eichhorn and N. D. Marchand, J .  A m .  Chem. Soc., 78,  2688 
(1956). 

( lo )  V. Grignard, G. Dupont, and R. Locquin, “Trait6 de chimie or- 
ganique,” Tome XIII, Masson et Cie, Paris, 1941, p. 90. 

(11) H. Yamatera, J .  Iaorg.  Nucl. Chem., 15, 50 (1960). 

charge caused by the radiation or (2) from the increased 
density of the electronic charge in the direction of the 
ligands with consequent detaching of one of them; the 
electron-transfer transition, in fact, brings an electron 
in a d orbital oriented in the direction of the ligands. 
Therefore the photodecomposition of the complex 
exciting an electron-transfer band might originate either 
through an oxidation-reduction process or through a 
dissociative one. The mechanisms corresponding to 
these two possibilities are reported in Scheme I. On 
the other hand, the chemical consequences of photo- 
excitation corresponding to d-d bands may result : 
(1) from the fact that electronic transition makes avail- 
able a nonbonding d orbital or (2) from the increase of 
electronic density in the direction of the ligands. The 
former possibility, which seems to be the fundamental 
cause of the photochemical reactions of the Cr(II1) 
complexes,12 cannot be considered for the Co(II1) com- 
plexes because of their de electronic configuration. As 
for the second possibility i t  should be noted that this 
is quite similar to the second case discussed above for 
the chemical consequences of the electron-transfer 
excitation, The experimental results show that the 
Co(II1)-amino acid complexes present a very slight 
photosensitivity with respect to excitation in d-d 
bands. Therefore it might be thought that the in- 
creasing of electronic charge in the directions of the 
ligands scarcely contributes to the photodecomposition 
of these complexes ; consequently the dissociative 
mechanism proposed for the photodecomposition follow- 
ing the electron-transfer excitation is less probable than 
the oxidation-reduction mechanism. These conclu- 
sions are supported by the fact that, a t  the end of the 
photodecomposition a t  254 mp, only two amino acid 
molecules were found for each molecule of initial com- 
plex as well as oxidation products of the amino acid 
(Scheme I). 

In  order to interpret the quantum yield values re- 
ported in Table I, we must consider the partial overlap 
of the two types of bands between 300 and 400 m p  
(Figure 1). Irradiation a t  313 and 365 mp might be 
thought to lead to simultaneous photooxidation-reduc- 
tion and photoaquation reactions. Adamsonla ob- 

(12) R. A. Plane and J. P. Hunt, J .  A m .  Chem. Soc., 79, 3343 (1957); 

(13) A .W. Adamson, Discussions Favaday Soc., 89, 163 (1960). 
F. Basolo and R. G. Pearson, Aduan. Inorg. Chem. Radiochem., 3, 85 (1961). 
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served that upon irradiating the Co(II1) acidopenta- 
ammine complexes a t  wave lengths where electron-trans- 
fer and d-d bands partially overlap, both photoreac- 
tions occur. Since with irradiation of the Co(II1)- 
amino acid complexes in pure d-d bands (A 546 mp) no 
appreciable reaction occurs, it  is thought that the d-d 
excitation does not contribute to quantum yields a t  
every wave length. Therefore the photodecomposition 
following the irradiations a t  313 and 365 mp can be 
attributed to the partial electron-transfer character of 
the absorption. Thus the overlap between the electron- 

transfer and d-d bands is probably more accentuated in 
a-tris(valinato)cobalt(III) ,5b in accordance with the 
quantum yields obtained for this complex. 

Finally, according to the proposed mechanism, 
which regards the photodecomposition as a direct 
consequence of the radial redistribution of the elec- 
tronic charge caused by the excitation, the quantum 
yield is wholly independent of the H +  concentration and 
is also almost independent of the temperature, the 
type of coordinated amino acid, and the steric arrange- 
ment of the complex. 
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Stability cotistatits have been titeaswed for the iiioiioiiitrato cotiiplexes of Ce( Ill), h i (  111), Eu(l l l ) ,  T b ( l l l ) ,  Tin( III), aiid 
Xm(II1) by a solvent-extraction technique. These stability constants as well as the enthalpy and entropy data for M90y2-. 
indicate that these are outer-sphere ion pairs. It is proposed that these data can be interpreted in ternis of a general model 
of lanthanide complexing in which the effect 011 the hydration sphere about the cation is the dominant effect. 

Introduction 
The sequence of stabilities of lanthanide complexes 

as a function of atomic number has been of interest for 
a number of years. Attempts to correlate this sequence 
with various properties of the lanthanide ions have 
been less than successful. A major reason for this 
difficulty has been the lack of sufficiently complete 
thermodynamic data. Although values of the en- 
thalpy and entropy of complexation have been pub- 
lished in the past few years, considerable disagree- 
ment exists in interpretation of the observed data. 
This is to be attributed partially to the relative com- 
plexity of the chelate systems studied. We have be- 
gun examination of simpler systems to minimize this 
difficulty. In previous publications7J the thermo- 
dynamic values for the formation of MC12+ and &IS- 
CN2+ have been reported. In this paper the results of 
a study of the nitrate complexes are reported. In the 
next paper, we report the thermodynamic parameters 
for the formation of propionate and isobutyrate sys- 
tems.$ 

Peppard and his co-worker::lo have measured the first 
(1) R. H. Betts and 0. F. Dahlinger, Can .  J .  Chewz., 37, 91 (1959). 
(2) T .  Moeller and R. Ferrus, J .  Inolg. Nzrcl. Chem., 20, 261 (1961). 
(3) T. Moeller and L. C .  Thompson, ib id . ,  24, 499 (1962). 
(4) J. L. Mackey, J. E. Powell, and F. H. Spedding, J .  Am. Chenz. SOC., 

( 5 )  I. Grenthe, Acta Chem. Scaizd.. 17, 2487 (1963). 
(6) I. Grenthe, ib id . ,  18, 283 (1964). 
(7) G. R. Choppin and P. J. Unrein, J .  I n w g .  Suc l .  Chem.,  26,  387 

(1963). 
(8) G. R .  Choppin and J. Ketels, ib id . ,  27, 1335 (1965). 
(9) G. R. Choppin and A. J. Graffeo, Inovg Chem., 4 ,  1254 (1965). 
(10) D. F. Peppard, G .  W. blason, and 1. Huchec. J .  I i r m g .  S i i c l .  Chet i i . ,  

84, 2047 (1862). 

24,  881 (18GS). 

stability constants for several trivalent lanthanide 
nitrates and obtained values only half as large as those 
reported by Russian chemists.ll Recently Bansal, 
Patil, and Sharma12 have reported first stability con- 
stants for Eu(II1) and Am(II1) nitrates which were 
smaller than Peppard's. Second step constants for 
these same ions were also given in this last paper. 
However, thus far no data have been reported on the en- 
thalpy and entropy changes in formation of these coni- 
plexes. 

Experimental 
Materials.-Ce144, Pmlri, Eu162-154, and A1112~~ were obtained 

from the Oak Ridge National Laboratory as carrier-free isotopes. 
Tb160 and Tm170 were obtained by the neutron irradiation of Th,On 
and TmnOs a t  the Cniversity of Florida reactor. All isotopes 
were dissolved in 1 M HClOd. 

The extractant, dinonylnaphthaleuesulfonic acid (referred t u  
as HD), was obtained from the R. T. Vanderbilt Co., Inc., as a 
38.27, solution in n-heptane. It was analyzed according to the 
procedure described previously7 and found to  be approximately 
0.8 *M. 

All acids were reagent grade, diluted to  volurrie, arid standard- 
ized to a phenolphthalein end point with standard NdOH.  
'l'he aqueous and organic solutions were pre-equilibrated wit11 
each other prior to  use. 

Procedure.-The procedure followed that of the earlier re- 
port.' Whenever possible, the aqueous phase was prepared to 
contain a t  least 7000 counts/min. per ml. for each radioisotope. 
The concentration of HD was varied from approximately M 
to  6 X 10-5 M .  The total ionic strength of the aqueous phase 

(11) I. A. Lebedev, S. V. Pirozhkov, and G. N. Yakovlev, Akad. Nauk. 
SSSR. Ordena Lenina Institut Atomnoi Energii. United States Atomic 
Energy Commission Translation, AEC-Tr-4275. 

(12) B. &I. 1,. Bansal, S. K. Patil, and H. U.  Sharina, J .  i n o , . g .  .\-!LG~, 

Chenz . ,  26, 093 (1964). 


