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Introduction 
The absorption spectrum of an excited state offers an un­

usual, but quite instructive, view of the energy level pattern of 
a given molecule. A number of other excited states, that are 
otherwise inaccessible from the ground state (due to selection 
rules, for instance), may now become observable. In some 
cases, the excited state relaxes into a metastable species, 
characterized by a novel geometrical structure. Obviously, the 
excited-state spectrum constitutes one of the major keys in 
elucidating this structure; moreover, it can be expected to 
contribute significantly to the understanding of the photo-
physics and the photochemistry of the molecule under con­
sideration. 

In transition-metal chemistry, only a very limited number 
of transient spectra have been observed;2 so far, especially 
Cr(III) complexes have been studied.36 Indeed, it has been 
found that these d3 systems can be further excited from their 
lowest excited doublet states. As these doublet states belong 
essentially to the same t2g

3 electronic configuration as the 
quartet ground state, one does not anticipate a large change 
in geometry. The spectral assignments are still controver­
sial. 

Virtually no data are available at present for the important 
class of d6 complexes (Co(III), Rh(III), Ru(II), Fe(II)), except 
for a report on [Ru(bpy)3]2+, where a triplet charge transfer 
state is supposed to give rise to a triplet-triplet absorption 

not surprising since standard geometries were used in the earlier stu­
dy.63 
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peak,7 and for a preliminary communication by Adamson and 
co-workers8 on Rh(NH3)5Cl2+. 

In this note, we present the excited state absorption spectrum 
of hexacyanocobaltate(III), measured at low temperature in 
a glass matrix. We suggest a straightforward identification of 
the observed bands in the framework of a ligand field 
model. 

Experimental Section 
A 3 X I (T2 M solution of [(C4Hg)4N]3Co(CN)6 in EPA was pre­

pared in the dark and pipetted into a quartz I X I X 4 cm spectro­
photometer cell. The cell was suspended in an all-quartz Dewar, 
equipped with three sets of flat windows. The sample was cooled by 
means of a stream of cold nitrogen gas. 

The excitation system consisted of a 2000 JK Lasers Ltd. Q 
switched ruby laser with frequency doubler. The system has an output 
at 347 nm of 270 mJ in 30 ns. The beam cross section is 4 X 8 mm. 

A 250-W stabilized xenon arc was used as the source of the detec­
tion light. It was passed through the sample at an angle of 90° with 
respect to the direction of excitation. The cross section of the detection 
beam was limited so as to probe only the volume contained in the first 
I mm irradiated by the exciting light. Since the laser light was ap­
preciably absorbed by the sample, this volume contained the largest 
concentration of excited species. 

Absorbance changes were detected through a Jobin Yvon HD 20 
monochromator by means of a IP28A photomultiplier and a type 476 
Tektronix oscilloscope. 

The present data were recorded at a temperature of 94 K. Ab-
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Table I. Strong Field Energy Expressions for a Number of d6 States as a Function of the Crystal Field Parameters from Reference 17 
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Figure 1. Absorption spectrum of the transient obtained from Co(CN)63-

immediately after laser excitation (T = 94 K). The calculated levels are 
indicated on top of the figure. 

sorbance changes were monitored from S00 to 365 nm. In this spectral 
region [(C4Hg)4NhCo(CN)6 shows no ground-state absorption. 

In Figure 1 the absorbance observed immediately after the laser 
pulse is plotted as a function of wavelength. Absorption maxima are 
observed at 462 (2.16Mm-') and 419 nm (2.38Mm-1) and a shoulder 
at about 385 nm (2.6 (im"1). Below 365 nm the transient absorption 
signals are partially masked by the onset of the first ligand field band 
of Co(CN)6

3-. The absorbing species disappears in a first-order re­
action with a rate constant of 4.4 (±0.4) X 104 s~'. Within the limits 
of detection the original amount of [(C4Hg)4Ns]Co(CN)J is re­
stored. 

Nature of the Intermediate 

It is almost certain that the observed intermediate is not a 
reaction intermediate such as Co(CN)5

2-, and this for two 
reasons. 

(1) Co(CN)5(C2H5OH)2-, measured in exactly the same 
circumstances, does not produce the transient spectrum in the 
365-500-nm range. Yet one would expect that the weakness 
of the Co-ethanol bond should be responsible for an even easier 

production of precisely the same fragment. 
(2) The intermediate reacts back to form Co(CNV - in its 

ground state. Indeed, after the decay, an unchanged quantity 
OfCo(CN)6

3- is found back in the sample. IfCo(CN)5
2- were 

formed, one would expect it to react with the solvent to form 
the substitution product Co(CN)5(C2H5OH)2-. Actually, this 
product is only detected to a significant extent at much higher 
temperatures. 

Therefore, it appears quite reasonable to assume that the 
transient is simply an excited state OfCo(CN)6

3- itself. It is 
well-known that crystalline K3Co(CN)6 at low temperatures 
exhibits a very typical phosphorescence from a fairly long-lived 
level.9 According to Hipps and Crosby,10 this phosphorescent 
level corresponds to the 3T]8 triplet state—the same state 
which is also supposed to be the precursor (at higher temper­
atures) of a number of photochemical substitution reac­
tions. U J 2 We suggest that this excited 3T ]g state is also the 
transient from where the absorptions of Figure 1 are taking 
place. 

Assuming a unit efficiency for the population of the triplet 
state, the molar extinction coefficient at 462 nm was calculated 
to be about 500 M - ' cm - ' , which is suggestive of d-d bands. 
In the next section, the 3T]g hypothesis will be examined in the 
framework of ligand field theory. 

Ligand Field Analysis 
1. Ground-State Spectrum. The Co(CN)6

3- complex ex­
hibits two prominent ligand field bands with a rather obvious 
assignment: the 'Ajg —• 1T]8 transition is at~3.25 nm~] (308 
nm), while the ' Aig - • 1T28 transition is at ~3.92 ^m -1 (256 
nm).13 The weak shoulder14"16 at ~2.52 ^m -1 (396 nm) is 
assigned as the 1Ai8 -* 3T,g transition. The first-order energy 
expressions are given by 

3A,g ^
3 T 1 8 XODq - 3C 

1T18 XODq-C 
1T28 1 0 D g - C + 165 

Accounting for configuration interaction within the ligand field 
manifold, one obtains XQDq= 3.52 Mm-1, B = 0.0448/um-1, 
C = 0.3548 ium-1. Figure 2 shows the three relevant configu­
rations (A) and the corresponding state energies (B), calcu­
lated with the here-obtained parameter set. From the present 
point of view, the t2g

4eg
2 configuration is especially important, 

since it might become observable in 3Tig(t5e') excited state 
absorption. As shown in Figure 2B, the t2g

4eg
2 configuration 

gives rise to one rather low-lying quintet 'T28 at 4.1 nm~\ a 
cluster of five triplet states around 6 jum - 1 . t w o m o r e o r l e s s 

isolated triplets at ~7.3 nm~\ and several singlets (only the 
least energetic 1T28 at 6.5 /^m-1 has been included). The rel­
evant parametric energy expressions are given in Table I. 

Since C » B, the C parameter will be the dominant factor 
in determining the differential interelectronic repulsion. Table 
I shows that the five triplets in the first cluster (of t2g

4eg
2 
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Figure 2. Calculated energy level diagram for Co(CN)63 : (A) parent configurations; (B) ligand field states based on ground-state geometry; (C) ligand 
field states based on 3Tig geometry; (D) effect of spin-orbit coupling (notice that the scale for t5e' is twice as sensitive as for t4e2), f = 0.06 Aim-1. 

parentage) contain a common term 1IC in the diagonal ele­
ments, while the remaining two triplets of this configuration 
(3A2g and one 3T ig) contain a corresponding term of 14C and 
13C, respectively. Therefore the lower cluster is separated 
roughly by C or 2C from the higher levels, while the intra-
cluster energy splittings are essentially modulated by the 
smaller B parameter. From Table I, it is clear that the energy 
range spanned by the lowest (five triplet) cluster will be AB in 
first order; this range will be doubled to ~8B or 0.35 jtm_1 

after matrix diagonalization. 
2. Stokes Shift and Structural Relaxation. Excitation from 

the 'Aig ground state to the lowest ligand field 3Tig state 
corresponds to a t2g —*• eg transition. Owing to the cr-anti-
bonding nature of the eg orbitals, the 3T lg state will be char­
acterized by an increased metal-ligand equilibrium distance. 
The long-lived triplet state will therefore relax toward a met-
astable level, corresponding to an expanded—but still octa­
hedral21—coordination sphere (Figure 3). Obviously this re­
laxation process will be accompanied by a modification of the 
ligand field parameters. 

In principle the parameter set (Dq, B, C) has to be replaced 
by a new set (Dq', B', C). One anticipates Dq' to be smaller 
than Dq, while B' and C might be slightly larger than B and 

C (reduced covalency and reduced nephelauxetic effect).18 

Therefore, in a correlation diagram, the energy level scheme 
should be expected to shift from the very strong field side 
toward a medium strong field. 

A quantitative estimate of this effect can be obtained from 
the luminescence spectrum; a broad-band phosphorescence 
with a maximum at ~1.4 nm"1 (714 nm) is observed in crys­
talline K3Co(CN)6. The Stokes shift of the 1Ai8 —

 3T,g ab­
sorption therefore amounts to~l . l ;um_'; this is a very large 
value indeed, but it is not untypical of strong-field d6 complexes 
such as Rh(III) or Ir(III).12 As shown in Figure 3, the lumi­
nescence and the absorption are both vertical processes; the 
emission wavelength reflects the ligand field parameters of a 
complex, where the metal-ligand equilibrium distance corre­
sponds to the excited 3T )g state. 

The 1AIg-* 3T)O absorption energy of ~2.5 i*m~l is given 
by \0Dq — 3C;the3Tig-» 'A]g emission energy of ~1.4 ^m -1 

is given by 10.Dg' — 3C'. Obviously, the change from C to C 
can account for a shift of at most ~0.1 nm~' (the upper limit 
of C being the free ion Co value of ~0.4 fim~]). Therefore, 
nearly the complete Stokes shift should be due to a decrease 
of \0Dq, and 10Z><?' must be approximately 3.5 — 1.1 ~ 2.4 
((1Ti"1. The reduction is considerable but, as pointed out al-
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Figure 3. Relative position of the 1Ai8 and 3T ] g potential energy sur­
faces. 

Table II. fi Coefficients and Reduced Matrix Elements of the 
Spin-Orbit Coupling Operator 

3T1 

components 

A, 
T, 
T2 
E 

Q 

V3 
V6 

- V 6 
- V 6 

25+lp 
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3T2 

components 
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T2 0 
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ready, the expanded molecule remains a strong field complex. 
Apart from a general closing up of the different configurations, 
the qualitative features of Figure 2B will remain valid. More 
specifically, the t4e2 configurations will remain characterized 
by a cluster of five triplets separated from another set of two 
triplets. Numerically, the energy range of the lower cluster may 
be expected to be 0.4-0.5 Mm-1, and the upper cluster will be 
at least 0.7 or 0.8 /urn-1 higher in energy. 

Therefore, we assign the observed spectrum between 2.1 and 
2.7 jim- ' to transitions between 3T lg and the first triplet cluster 
only. The transitions to the next two triplet states are expected 
at 3.5 ixm~l or higher. In that region, they will overlap with the 
ligand field transitions from the ground state, and will be dif­
ficult to observe. Therefore, a more precise estimate of C ap­
pears to be impossible from the present results. 

In order to proceed, it seems reasonable to put C = C. In­
deed, from the comparison of a number of different complexes, 
it has been found that C is much less sensitive to decreasing 
covalency than B. Moreover, the calculation of the first triplet 
cluster is particularly insensitive to the exact value of C. An 
eventual more exact specification of C (due to subsequent 
experimentation, for example) might be interesting in se, but 
will be without consequence for the present discussion. 

In this way, an optimal fitting of the experimental spectrum 
is obtained with C = C = 0.3548 Mm"1, \0Dq' = 2.37^m-', 
and B' = 0.06 ^m - 1 (as compared to B = 0.0448 fim"1). The 
30% increase of B appears reasonable in the context of a de­
creasing nephelauxetic effect. 

Figure 2C shows an energy level diagram calculated by 
means of this parameter set. The first triplet cluster separates 
more clearly into three distinct regions than in the unrelaxed 
molecule (Figure 2B). This is due on the one hand to the in­
creased value of B', and on the other hand to the increased 
interaction with the neighboring configurations. The level 
position quite obviously suggests the following assignments: 
3T18 - 3Tlg[t2g

4('T2)eg
2(3A2)], 3T2g[t2g

4(3T,)eg
2(3A2)]: 

462 nm (2.17 nm~l) 
3T lg - 3Eg, ^,glt jg^TOeg^'E)]: 419 nm (2.39 Mm-') 

3T lg — 3T2g[t2g
4(3T,)eg

2(lE)]: 385 nm (2.60 /wrr1) 
where the leading configurations are given in square brackets. 
It should also be stressed that the intensity distribution of the 
spectrum (two strong bands and one weak band) corresponds 
precisely to the number of triplet levels in the assignment. 

In Figure 2C, the ground state ' A lg was arbitrarily set at 
0.3 /urn"' above the ground state of Figure 2B. In this way, we 
indicate the vibrational excitation of the molecule resulting 
from a vertical phosphorescence. 

3. Spin-Orbit Coupling. Hipps and Crosby10 deduced the 
spin-orbit splitting of the phosphorescent 3Tjg state from the 
measurement of the lifetime as a function of temperature. They 
obtained a value of f(3d) ~ 0.06 n~l. In principle, energy 
splittings of this order of magnitude might be able to blur the 
difference between the three regions that were predicted in the 
previous section. Therefore, it is necessary to investigate how 
spin-orbit coupling affects the energy levels. The results of a 
detailed numerical calculation (with f = 0.06 /n-1) are shown 
in Figure 2D. Two conclusions are immediately obvious. 

(1) For 3T lg(t5e'), the results of Hipps and Crosby are 
confirmed: the four resulting levels are in the order and ap­
proximately at the positions found earlier. 

(2) The spin-orbit splitting is much smaller for the t4e2 

triplet cluster levels than in 3Tig(t5e]); the subdivision of the 
cluster into three separated regions remains unaffected. 

These results can be rationalized in part by using the first-
order expressions, derived from Griffith's irreducible tensor 
method.19 Let 2 S + 1 r denote a given term as before, t one of 
the irreducible representations resulting from spin-orbit 
coupling, and r one of its components. Then 

<"+1r/r|#s, i"+TrT> = n E ^ ] <s,ni#,, lls,r> 

where the second factor at the right-hand side is the reduced 
matrix element, which is independent of / or r. In Table II, the 
fl coefficients and the reduced matrix elements are given ex­
plicitly for the relevant triplets. 

The first-order energy splittings of 3Tig(t5e') are given by 
Ai(f/2), T|(f/4), T2, E(-f/4), corresponding to a global 
first-order range of 3A f = 0.045 (im"1; the numerical result 
of Figure 2D (0.0593 /urn-1), as well as the splitting between 
E and T2, is due to complete configuration interaction. 

Within the triplet cluster, two obvious factors tend to reduce 
the spin-orbit splitting. First, the U coefficients of 3E are zero. 
Second, the two zero-order 3T)g(t

4e2) states are strongly mixed 
by the electron repulsion operator. One of them is character­
ized by a zero reduced matrix element; therefore, the total 
spread of neither of them is very large and amounts approxi­
mately to (3/8)f. 

Concluding Remarks. Relevance to Photochemistry 
1. The calculation of the qualitative and the quantitative 

features of the excited-state spectrum strongly suggests that 
the absorbing species is the triplet 3T]g, apparently relaxed 
along a totally symmetric relaxation coordinate. 

2. It has been possible to derive, within certain limits, ligand 
field parameters characteristic for the excited molecule. As 
a consequence, the Co3+ intermediate-spin ( 5 = 1 ) system 
could—for the first time—be studied in some detail. 
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3. The 3Tig state is the photoactive state in a number of Ii-
gand substitution reactions. The qualitative features of these 
reactions have been described and rationalized in terms of the 
ligand field parameters of the original (ground state) mole­
cule.20 Since the actual parameters of the reacting entity ap­
parently are rather different, one might be tempted to reject 
this attitude. We are inclined to believe that this is not neces­
sary. Indeed, relaxation is the first step on the dissociative re­
action path. By calculating the weakest bond in the initial 
complex (vertically above the ground state), one determines 
the most favorable reaction and relaxation coordinates; the 
course of the photochemical reaction is therefore correctly 
predicted on the basis of the ground-state parameters. 

4. So far, it is not well understood why C o ( N H 3 V + and its 
derivatives are characterized by a much lower quantum yield 
for photosubstitution than Co(CN) 6

3 - and its derivatives. A 
possible explanation is found from Figure 2. If a calculation 
as in Figure 2C is extrapolated for Co(NHs)6

3+ , the 5T2g state 
drops below 3T ig in the expanded molecule! A triplet-quintet 
crossover takes place in the course of the molecular relaxation. 
Most molecules follow the energetically favorable quintet path 
which may not have the properties required for photoreaction; 
hence the molecule can fall back to the ground state without 
reaction. Only a few molecules would follow the triplet path 
and be responsible for the observed quantum yield. 
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In this paper we compare the hydrolysis of glycinamide, 
glycylglycine, and glycylglycine isopropyl ester coordinated 
to Co(III) as monodentate ligands to the hydrolysis of the same 
substrates chelated to Co(III). In the former cis-[Co(en)2-
(OH 2 /OH)(g lyNHR)] 3 + / 2 + species the amide or dipeptide 
is attached to the metal through the amino group only, whereas 
in [Co(en)2(glyNHR)]3+ the oxygen atom of the amide 
function is also coordinated. The two reactions are schemati-
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cally represented by Schemes 1 and II (the oxygen atoms show 
the fate of hydroxide in the different situations). 

180-Tracer results have established that the coordinated 
oxygen atom in m-[Co(en) 2 (OH 2 /OH)(g lyNHR)] 3 + / 2 + is 
retamed in the hydrolyzed product [Co(en)2(glyO)]2+, and 
that under alkaline conditions the [Co(en)2(glyNHR)]3+ 

product also includes the label in the O-bound amide function.1 

These facts require hydrolysis of the monodentate and chelated 
amide systems 1 and 2 to be interconnected, and in this respect 
this study bears a close resemblance to the non-metal-catalyzed 
lactonization of 4-hydroxybutyramides2'3 and 2-hydroxy-
methylbenzamides4'5 where direct intramolecular participation 

Intramolecular Hydrolysis of Glycinamide and Glycine 
Dipeptides Coordinated to Cobalt(III). 2. Reactions of the 
aHCo(en)2(OH2/OH)(glyNHR)]3+/2+ Ions (R = H, 
CH2CO2C3H7, CH2CO2-) and the Effect of Buffer Species 
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Abstract: The intramolecular addition of cobalt(III) bound H2O and OH - to glycinamide, glycylglycine isopropyl ester, and 
glycylglycine also coordinated to Co(III) in the m-[Co(en)2(OH2/OH)(glyNHR)]3+/2+ ions (R = H, CH2CO2C3H7, 
CH2CO2

-) has been investigated both in the absence and presence of buffers. For the dipeptide complex (R = CH2CO2CsH7) 
both the aqua and hydroxo species form [Co(en)2(glyO)]2+, but loss of hydroxide also occurs resulting in the chelated amide 
[Co(en)2(glyNHR)]3+. A combination of rate and product analysis data suggests that the initial cyclization is rate determin­
ing under all conditions. Buffer species act as general bases in this rate-determining process, but they also enhance the forma­
tion of the hydrolysis product. Coordinated water is more reactive than coordinated hydroxide owing largely to a more positive 
AS*. 
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