
4080 Journal of the American Chemical Society / 102:12 / June 4, 1980 

(8) M. Kira and H. Sakurai, J. Am. Chem. Soc, 99, 3892 (1977). 
(9) H. Fischer, Kolloid-Z, 180, 64 (1962). 

(10) D. Campbell and D. T. Turner, Can. J. Chem., 45, 881 (1967). 
(11) S. J. Sheng, J. Phys. Chem., 82, 442 (1978). 
(12) (a) J. Bardsley, P. J. Baugh, J. I. Goodall, and G. O. Phillips, J. Chem. Soc., 

Chem. Commun., 890 (1974); (b)T. Iwamoto, M. Kiyoki, and N. Matsuura, 
Bull. Chem. Soc. Jpn., 51, 390 (1978). 

(13) M. B. Yim and D. E. Wood, J. Am. Chem. Soc., 95, 8455 (1973). 
(14) E. Eibon and R. W. Fessenden, J. Phys. Chem., 75, 1186 (1971). 
(15) E. Eibon and R. H. Schuler, J. Chem. Phys., 62, 3093 (1975). 
(16) (a) W. T. Dixon and R. O. C. Norman, Proc. Chem. Soc., London, 97 (1963); 

(b) C. R. E. Jefcoate and R. O. C. Norman, J. Chem. Soc. B, 48 (68). 
(17) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 38, 773 (1963). 
(18) (a) D. Poppinger, M. A. Vincent, A. L. Hinde, and L. Radom, unpublished; 

(b) W. J. Hehre, W. A. Lathan, R. Ditchfield, M. D. Newton, and J. A. Pople, 
Program No. 236, Quantum Chemistry Program Exchange, Indiana Uni­
versity, Bloomington, lnd. 

(19) J. S. Binkley, J. A. Pople, and P. A. Dobosh, MoI. Phys., 28, 1423 
(1974). 

(20) J. A. Pople and R. K. Nesbet, J. Chem. Phys., 22, 571 (1954). 
(21) W. J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., 51, 2657 

(1969). 
(22) R. Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724 

(1971). 
(23) Calculated total energies are -230.889 34 (RHF/4-31G) and -230.920 80 

hartrees(UHF/4-31G). 
(24) J. A. Pople and M. S. Gordon, J. Am. Chem. Soc, 89, 4253 (1967). 
(25) (a) There is some confusion in the literature regarding the symmetry 

classification of C2v molecules. The convention used here is that adopted 
by Herzberg25b and assigns the <7(yz) symmetry plane to the molecular ring 
plane. Other authors (e.g., ref 6 and 11) use the alternative assignment 
(tj(zx) to the ring plane) and so label the SOMO b2. (b) G. Herzberg, "Mo­
lecular Spectra and Molecular Structure. II. Infrared and Raman Spectra 
of Polyatomic Molecules", Van Nostrand, Princeton, N.J., 1966. 

(26) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 (1963). 
(27) J. A. Leone and W. S. Koski, J. Am. Chem. Soc., 88, 224 (1966). 

I. Introduction 

Divalent species of the group 4B elements are of consider­
able interest in organic and organometallic chemistry. Mainly 
this is due to the high reactivity of these unstable intermedi­
ates. 

Recently, an excellent review describing their electronic 
structure and reactivity has been published by Nefedov et al.;2 

the evolution of the main features of these carbene-like mole­
cules on going from carbon to lead is discussed in detail from 
the available experimental data. 

I n recent years, there have been a large number of theoret­
ical studies to examine the low-lying electronic states of 
methylene,3 halogenated carbenes,4 and unsaturated car-
benes.5 The major aim of these works is to ascertain the nature 
of the ground state and to calculate the singlet-triplet 
(1Ai-3Bi) separation in comparison with the results of ex-
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perimental works. Similar studies are also reported on the 
simplest silylene (SiHz)6"8 and silicon difluoride.9'10 However, 
despite the important contribution of germylenes as starting 
products or intermediates in organometallic chemistry,1' up 
to now the electronic structure of the simplest germylene 
(GeHz) has not been subjected to any theoretical investiga­
tions. 

The question as to whether the ground state of substituted 
germylenes is a singlet or a triplet is of interest in this context. 
The purpose of the present research is to answer this question 
for some simple germylenes, especially for the organic deriv­
atives which are practically unexplored. 

To this end, ab initio valence-only calculations have been 
carried out for the three lowest states of GeHz, GeFz, and 
Ge(CH3)z. Moreover, vibrational frequencies are calculated 
and compared with experimental values, when available, for 
all the states studied. 
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Table I. Pseudopotential Parameters (au) Table II. Atomic Gaussian Basis Sets for Fluorine and Germanium 

atom 

carbon 

fluorine 

germanium 

/ 

0 
1 

0 
1 

0 
1 
2 

Oil 

0.650 84 
7.222 29 

1.576 75 
17.285 18 

0.727 03 
0.636 29 
0.817 84 

« i 

2 
0 

2 
0 

2 
2 
2 

C, 

1.152 10 
-2.278 44 

1.227 80 
-3.606 19 

4.161 83 
3.353 87 
0.419 56 

ni 

- 2 

- 2 

- 2 
- 2 
- 2 

C2 

-0.226 76 

-1.42491 

-0.404 98 
-0.189 45 

0.701 23 

II. Theoretical Details 

All the SCF results contained herein are obtained from the 
PSlBMOL algorithm12 using the pseudopotential method 
proposed by Durand and Barthelat.13 Recent works'4 have 
shown that this method is both economical and accurate for 
studies of molecules containing heavy atoms such as germa­
nium. 

For each atom, the core electrons are taken into account 
through a nonempirical atomic pseudopotential determined 
from the double f atomic Hartree-Fock calculations of 
Clementi and Roetti.15 The atomic pseudopotentials have the 
following analytical form: 

W(r) = Z W,{r)P, - z/r U) 
where z is the number of valence electrons for the neutral atom, 
Pi is the projector on the /th subspace of the spherical har­
monics, and 

W,(r) = E Q/r" exp(—air2) (2) 

The values of the parameters are given in Table I. The s and 
p components of the C and Ge pseudopotentials were obtained 
from their (ns2 «p2) 3P ground state, and the Ge d component 
was obtained from the (4s3 4p 4d) 3D atomic state. For fluo­
rine, the s and p components were obtained from the (2s2 2p5) 
2P ground state of this atom. 

For each atom, a valence basis set was optimized in a pseu­
dopotential SCF calculation of the atomic ground state using 
a quadruple £" Gaussian basis set. These four Gaussian func­
tions were contracted to the double f level by means of a 3 4-
1 procedure (except for the p basis set of Ge, where a 2 + 2 
procedure has been used). For germanium, a 4d Gaussian 
function was added as a polarization function. For fluorine and 
germanium, the basis sets used here are listed in Table II. For 
hydrogen and carbon, valence basis sets are already reported 
in a previous paper.16 For calculations on GeH2, a set of p 
functions (exponent 0.8) was added to the basis set of each 
hydrogen atom. 

The SCF wave functions for the 1Bi and 3Bi states were 
obtained using Roothaan's restricted open-shell proce­
dure.17 

Extended configuration interaction (CI) calculations have 
been performed for the various states of germylene and diflu-
orogermylene according to the CiPSi algorithm.18 For each 
state a zeroth-order wave function was built from an iterative 
selection of the most important determinants (up to triply 
excited) involved in it (about 25 determinants for GeH2 and 
19 for GeF2). The resulting variational wave functions have 
been perturbed to the second order in energy, involving up to 
2 X 104 and 2 X 105 determinants for GeH2 and GeF2, re­
spectively. The Moller-Plesset definition19 was used for the 
description of the nonperturbed Hamiltonian. The valence 
correlation energies obtained under these conditions are of the 
order of 50 kcal/mol for the different states OfGeH2 and 200 
kcal/mol for those of GeF2. 

atom orbital exponent 
contraction 
coefficients 

fluorine 

germanium 

2s 

2p 

4s 

4p 

4d 

122.444 
16.3399 
1.10443 
0.356 988 

20.5867 
4.848 16 
1.332 29 
0.346 740 

5.045 10 
1.232 08 
0.215 152 
0.081 433 
2.051 96 
0.272 679 
0.097 935 
0.035 594 
0.25 

-0.008 656 
-0.056 326 

0.573 625 
1.0 
0.047 544 
0.238 076 
0.504 225 
1.0 

-0.000 067 
-0.253 770 

0.735 067 
1.0 

-0.038 008 
0.446 696 
0.552 370 
0.122 167 
1.0 

Precise equilibrium geometries were predicted by minimi­
zation of the total valence energy with respect to both bond 
distance and bond angle from a set of points suitably chosen 
on the two-dimensional potential surface. This procedure was 
extensively used except for dimethylgermylene, where the 
geometrical parameters were optimized independently for the 
sake of convenience. 

Harmonic force constants and vibrational frequencies were 
determined for germylene GeX2 by means of the F and G 
matrix method of Wilson, Decius, and Cross.20 Using internal 
coordinates, the potential energy of the molecule may be 
written 

2 A £ = / , ( A r , 2 - l - A r 2
2 ) + / a A a 2 

+ 2/„Ar,Ar 2 + 2 / r „Aa(Ar, + Ar2) (3) 

where r\ and r2 are the two GeX bond lengths and a is the 
XGeX angle. For each state, the force constants have been 
calculated at the optimized geometry from a set of calculated 
energy points corresponding to various atomic displace­
ments. 

III. Results 

A. Germylene (GeH2). Although GeH2 generated by the 
vacuum-ultraviolet photolysis of germane has been studied by 
matrix isolation techniques,21 its molecular structure and the 
spin multiplicity of its ground state are not definitely estab­
lished. 

The total valence energies and the optimized geometries for 
the ' A i, 3B i, and ' B i states of GeH2 at two levels of calculation 
are presented in Table III. 

All our calculations predict germylene to have a singlet 
ground state. The adiabatic 1A]-3Bi energy splitting is com­
puted to be 10.2 kcal/mol at the SCF level while the Cl results 
produce a much larger value (19.1 kcal/mol). It is well known 
that the triplet state is approximately described by a single 
determinant SCF wave function, whereas a two-configuration 
SCF treatment would be required for a reliable description of 
the singlet state. Consequently, the CI treatment lowers the 
total valence energy of the singlet state by 58.9 kcal/mol while 
for the triplet state the lowering is only 50.0 kcal/mol. The 
result is an increase of the 1Ai-3B] separation by about 9 
kcal/mol. Note that for the same reason the inclusion of 
electron correlation produces a reverse effect on the singlet-
triplet separation of methylene, which has a triplet ground 
state.3 

The 1Bi state is predicted to lie above the 1A] ground state 
by 43.7 kcal/mol at the SCF level. A very close value (46.7 
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Table III. Equilibrium Geometries, Total Valence Energies, and Adiabatic Energy Separations for the Low-Lying Electronic States of 
GeH2 at Two Levels of Theory ^ _ ^ ^ ^ ^ _ ^ 

adiabatic 
theoretical bond bond total valence energy separation A£, 

state description distance, A angle, deg energy, au kcal/mol 
1A, SCF 1.599 92.9 -4.741962 

CI 1.607 92.6 -4.835 773 
(-4.835 756)° 

3B, SCF 1.545 118.4 -4.725 724 10.2 
CI 1.555 118.6 -4.805 393 19.1 

(-4.805 320)" 
1Bi SCF 1.544 123.4 -4.672 308 43.7 

CI 1.566 123.2 -4.761302 46.7 
(-4.761 051)" 

" The total valence energy value in parentheses is obtained from CI 

Figure 1. Cl energy of the three first states of GeFh vs. HGeH ang'le for 
a GeH distance of 1.588 A, with corresponding harmonic levels. 

kcal/mol) is obtained at the CI level. Vertical energy splittings 
have also been computed at the CI level. The values are 27.6 
kcal/mol for the 1Ai-3Bj splitting and 56.7 kcal/mol for the 
1Ai-1B] splitting. 

The structure of singlet 1Ai germylene has been estimated 
from matrix isolation spectroscopy.21 Our predicted CI values 
(see Table III) perfectly agree with these estimated values, 
namely, a bond length of 1.6 A and a bond angle of the order 
of magnitude of 92°. The structures of 3Bi and 1Bi GeH2 are 
not known, and we predict GeH = 1.555 A and HGeH = 
118.6° for the 3B, state, and GeH = 1.566 A and HGeH = 
123.2° for the 1Bi state. In Figure 1 are shown the energy vs. 
bond angle CI curves for the GeH2 states at an intermediate 
bond length of 3 au. 

It is interesting to note that the effect of CI on predicted 
geometries is not very important. As expected,22 the inclusion 
of electron correlation lengthens the bond distances and does 
not alter significantly the bond angles relative to their SCF 

calculation carried out at the SCF optimized geometry. 

values. In order to avoid geometry optimizations at the CI level 
for reason of economy, we have calculated again the adiabatic 
energy separations from CI calculations carried out at the SCF 
optimized geometries. It is encouraging that the errors involved 
in using CI calculations at SCF geometries to determine energy 
splittings do not exceed 0.3%. Therefore this procedure does 
not change significantly the results and can be reasonably 
employed to solve our problem. 

At both SCF and CI levels of theory, full sets of harmonic 
force constants and vibrational frequencies have been calcu­
lated at the optimized geometries for the three states studied. 
The results are reported in Table IV. The most noticeable 
differences between the SCF and CI values of the force con­
stants are first a decrease of the GeH stretching force constant 
and second a change of the sign of/„ . The comparison between 
our CI values and those deduced from experiment by Smith 
and Guillory21 using a three-constant potential function leads 
to errors of 9.7% for the stretching force constant and 8% for 
the bending force constant. Considering the vibrational 
frequencies determined from the calculated force constants, 
the CI values seem to lead to a reverse order of the v\ and v^ 
frequencies with regard to experiment. 

However, the agreement is satisfactory enough for purposes 
of calculating the change in zero-point vibrational energies in 
going from one electronic state to another. For the 1Ai ground 
state, the zero-point vibrational energy determined from the 
three calculated vibrational frequencies is 7.0 kcal/mol, which 
may be compared with the value of 6.7 kcal/mol obtained from 
the experimental frequencies. 

For the 3Bi and 1Bi states, the zero-point vibrational ener­
gies are calculated to be 6.9 and 6.8 kcal/mol, respectively. 
Thus the contributions to the energy separations are only 0.1 
kcal/mol for the 1Ai-3Bi splitting and 0.2 kcal/mol for the 
1Ai-1Bi splitting. Including vibrational corrections, the value 
of the 1Ai-3Bi energy difference is predicted to be 19.0 kcal/ 
mol and the value of the 1Ai-1B] energy difference 46.5 
kcal/mol. 

As concerns charge repartition in the singlet ground state 
of GeH2 , the population analysis gives a net charge of +0.31 
on the germanium atom, reflecting a fairly weak dipole mo­
ment of 0.05 D. 

B. Difluorogermylene (GeF2). As mentioned in the preceding 
section, full geometry optimizations of GeF2 have been carried 
out at the SCF level. A CI was performed on these SCF equi­
librium geometries for 1Ai, 3Bi, and 1Bi states. The results are 
reported in Table V. Difluorogermylene is predicted to have 
a singlet ground state. The 1Ai-3Bi gap is larger than for 
GeH2 , 74.1 kcal/mol at the CI level. As concerns the 
ground-state geometry a comparison with most relevant mi­
crowave experimental data of Takeo et al.23 is made in Table 
V. Our calculated bond angle perfectly agrees with the ex-
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Table IV. Calculated Force Constants and Vibrational Frequencies for the Low-Lying Electronic States of GeFh 

state 
1A, 

3B1 

1B1 

theoretical 
description 

SCF 
CI 
exptK 

SCF 
CI 

SCF 
CI 

fr 

2.37 
2.36 
2.06 

2.62 
2.25 

2.70 
2.21 

force constants0 

frr 

0.11 
-0.17 

0.02 

0.14 
-0.23 

0.16 
-0.20 

J ra 

0.02 
0.03 

0.03 
0.07 

0.04 
0.01 

fa 

0.28 
0.27 
0.25 

0.24 
0.25 

0.18 
0.22 

V] 

2056 
1887 
1887 

2166 
1855 

2204 
1864 

vibrational 
frequencies* 

"2 

969 
958 
920 

901 
924 

773 
860 

"3 

1964 
2036 
1864 

2065 
2063 

2091 
2011 

" Units are mdyn/A for stretching-stretching, mdyn/rad for bending-stretching, and mdyn A/rad2 for bending force constants. * Frequencies 
are in cm-1. c Experimental values are from ref 21. 

Table V. Equilibrium Geometries, Total Valence Energies E, and Adiabatic Energy Separations AE for the Low-Lying Electronic States 
OfGeF2" 

state 
1A1 

3B, 

'B1 

bond 
distance, A 

1.761 
(1.732) 

1.749 

1.765 

bond 
angle, deg 

97.5 
(97.2) 

112.1 

114.6 

SCFcalci 
E, au 

-51.637 43 

-51.535 74 

-51.433 72 

ilations 
A£, kcal/mol 

63.8 

127.8 

CI calcu 
E, au 

-51.95681 

-51.838 70 

-51.771 42 

lations 
AE, kcal/mol 

74.1 

116.3 

" Experimental values are given in parentheses.23 

Table VI, Calculated Force Constants and Vibrational Frequencies for the Low-Lying Electronic States OfGeF2 at the SCF Levelc 

state 
1A1 

3B, 

'B, 

fr 

4.58 
(4.08) 

4.85 

4.37 

force constants 
frr 

0.33 
(0.26) (• 

0.15 

0.20 

a 

fr, 

0.01 
-0.01) 

0.02 

0.04 

U 
0.37 

(0.32) 

0.23 

0.21 

V\ 

736 
(692) 

721 

685 

vibrational 
frequencies* 

Vl 

284 
(263) 

233 

222 
(164) 

"3 

702 
(663) 

756 

715 

"•* Same units as in Table IV. c Experimental values are given in parentheses.23'24 

perimental value while the calculated GeF distance is overes­
timated by 0.03 A. This can be attributed to the lack of d po­
larization AOs on the fluorine atom in our calculation. As in 
the carbene series, for which CF2 is also singlet in its ground 
state,4 when going from hydrogen to fluorine the bond angle 
increases for the 1Ai singlet state and decreases for the 3B] 
triplet state (see Tables III and V). 

In Table VI are given the force constants and vibrational 
frequencies for the three states studied, calculated at the SCF 
level. The spectroscopic properties of GeF2 have been exten­
sively studied.24"29 Our calculated values are in good agree­
ment with experimental data23'24 for the 1A] ground state. One 
can notice that, if considering Margrave's assignments,24 it is 
confirmed that v-$ < v\. 

The experimental 1Ai-1Bi, 0,0,0-0,0,0 transition is known 
from the ultraviolet absorption spectrum of GeF225 to be 125.5 
kcal/mol. This value compares very well with our SCF cal­
culated adiabatic energy separation (see Table V), 127.8 
kcal/mol, while at the CI level this value is underestimated, 
116.3 kcal/mol. Our calculated v2 frequency in the 'Bi excited 
state is in rather good agreement with the experimental value 
deduced from vibrational progression.25 

As expected the charge separation is very strong in monomer 
GeF2. The Mulliken net atomic charges are +1.03 e on Ge and 
—0.52 e on each fluorine atom. The calculated dipole moment, 
3.24 D, compares rather well with the experimental value of 
2.61 D.23 These strong net charges on such elements, the most 

electronegative one with a very electropositive one, are not 
surprising and are certainly responsible for the propensity of 
this molecule to arrange as a dimer. 

C. Dimethylgermylene (GeMe2). Dimethylgermylene was 
investigated as the prototype of symmetrical alkylgermylenes. 
Because of the size of this molecule, calculations were per­
formed only at the SCF level. A conformational problem arises 
with the respective positions of the two methyl groups which 
can star each other in a Civ symmetry or stagger each other 

Ge Ge 

C 2 . Cs 

in a Cs symmetry. These two more relevant conformations 
were both investigated but are nearly degenerate anyway (AE 
=* 0.5 kcal/mol). 

Assuming tetrahedral methyl groups with a CH bond length 
fixed at 1.09 A, the geometry optimization on GeC bond length 
and CGeC bond angle led to the structures and relative ener­
gies for the three first states reported in Table VII. The ground 
state is again singlet (1A' since the Cs conformation is pre­
ferred). The first triplet state takes the C21- form (the CGeC 
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Table VII. Equilibrium Geometries," Total Valence Energies £ , 
and Adiabatic Separation Energies AE for the Low-Lying 
Electronic States of Ge(CH3)2 at the SCF Level 

symmetry group ^CGeC, A £ , 
and state Ge-C, A deg £ , au kcal/mol 

C, 1A' 2.024 97.8 -18.085 23 
r / 3 B 1 1.999 117.5 -18.063 43 13.7 

2 M 1 B 1 2.021 122.0 -18.004 11 50.9 
a Methyl groups are assumed tetrahedral with C-H = 1.09 A. 

Table VIII. Calculated Force Constants and Vibrational 
Frequencies for the Low-Lying Electronic States of 
Dimethylgermylene 

state 
1A' 
3B1 
1B, 

fr 
2.05 
2.59 
2.48 

force constants0 

Jrr Jra 

0.28 0.003 
0.05 0.01 
0.001 0.01 

A 
0.31 
0.14 
0.13 

1 

fi 

560 
576 
554 

vibrational 
requencies* 

"2 Vi 

288 497 
203 611 
194 607 

"•* Same units as in Table 1V. c Assumed joint methyl groups and 
C2,, symmetry. 

angle being larger in this state, as in the first singlet excited 
state) and stands 13.7 kcal/mol above the ground state, at the 
SCF level. One can notice that a CI would only increase this 
gap, bringing more correlation energy to the singlet ground 
state. The first singlet excited state 1Bi lies 50.9 kcal/mol 
above the ground state. The substitution of hydrogen atoms 
by methyl groups has increased the singlet-triplet gap by about 
4 kcal/mol at the SCF level. According to the SCF calculations 
of Baird and Taylor4b the same relative singlet stabilization 
occurs from CH2 to CMe2, which are both triplet in their 
ground state, however. 

Assuming point methyl groups, a set of force constants and 
vibrational frequencies calculated at the SCF level is given in 
Table VIII. As concerns charge separation in the singlet 
ground state, the net charge on the germanium atom in 
Ge(CHs)2 , +0.41 e, is close to that in GeH2; the dipole mo­
ment was calculated to be 0.97 D. 

IV. Discussion and Conclusion 

The presently studied simple germylenes all have a singlet 
ground state. From the knowledge on carbene series4 it is very 
likely that all germylenes have a singlet ground state; the only 
doubt might concern unsaturated substituted germylenes since 
unsaturated substituents such as C = O , C = N , and C = C are 
known to stabilize triplet states.4'5 So methylene (CH2) seems 
to be the only group 4B dihydride to possess a triplet ground 
state; the singlet-triplet gap should increase down to the 
heavier group 4B elements but our calculated S-T gap for 
germylene (GeH2) (19.1 kcal/mol) is quite similar to the S-T 
gap for silylene (SiH2) calculated with a comparable basis set 
(18.6 kcal/mol).7 

In Table IX the SCF calculated equilibrium geometries of 
the three first states of GeH2 are compared with analogous 
SCF calculations on CH 2 and SiH2.7 A great difference ap­
pears from CH2 to SiH2 while minor geometrical changes 
appear from SiH2 to GeH2 . 

Our valence MO's energy pattern is numerically very close 
to that of ref 7 for SiH2. The separation between the highest 
ai and bi orbitals can be related to the tendency to a singlet 
ground state (large gap) or triplet (small gap) ground state. 
The ai-bi separations were calculated in ref 7 to be 0.0733 au 
for CH 2 and 0.1089 au for SiH2. Our calculated value for 
GeH2,0.1054 au, is close to the SiH2 value, reflecting here also 
the same singlet-triplet separation. 

Table IX. SCF Calculated Trends in Bond Distances (A) and Bond 
Angles (deg) for the Lowest Electronic States of Carbene-Like 
Molecules 

state 
molecule 1Xj 5T^ ""Bi 

C H 2 " /-e 1.095 1.070 1.065 
de 103.7 129.5 141.2 

SiH2
0 rc 1.509 1.471 1.468 

0e 93.5 117.6 123.5 

GeH2 /-c 1.599 1.545 1.544 
0e 92.9 118.4 123.4 

" One-configuration SCF results of Meadows and Schaefer.7 

The SCF energies of the HOMO of singlet ground states are 
the ionization potentials according to Koopmans' theorem and 
can measure for these singlet states the nonbonding a orbital 
as noticed in ref 2. Our calculated values are 9.05 eV for GeH2, 
11.78 eV for GeF2, and 8.12 eV for GeMe2. The only experi­
mental data concern GeF2 (11.630 and 11.8 eV31) and are in 
perfect agreement with our value. 

This work, which appeared reliable as shown by comparison 
with available experimental data, has shown a strong pro­
pensity for germylenes to have a singlet ground state; the S-T 
gaps are much higher than for carbenes but are not very much 
higher than silylene ones. Moreover, the higher S-T gap of 
GeF2 with respect to GeMe2 or GeH2 is consistent with the 
stronger electrophilic activity OfGeF2 as compared to dialk-
ylgermylene in several types of reactions such as complexation 
or addition reactions. 1^33-35 With respect to ground-state 
multiplicity of group 4B divalent compounds, the main change 
seems to occur from line two (C) to line three (Si). This simi­
larity must not hide, however, structural differences between 
silylenes and germylenes. A subtle and interesting difference 
occurs, for instance, in the structure of the difluoride dimer 
which is bridged for GeF2

27 and rather ir bonded for SiF2.32 
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I. Introduction 

In a previous study1 we were able to experimentally deter­
mine a reasonable picture of the equilibrium geometry of the 
photoactive 4T2 excited state of the d3 octahedral hexaam-
minechromium(III) complex. These results were made possible 
through detailed spectroscopic study of a new molecular crystal 
lattice system, Cr(NH3)6(C104)2Cl-KCl, which exhibits a 
great deal of vibronic structure on the broad band ligand field 
4T2g *- 4A2g transition at low temperature. From a theoretical 
analysis of the origin region and of the overall band shape, it 
was found that the Cr(NH3)6

3+ complex undergoes reasonably 
large distortions in both the totally symmetric au and Jahn-
Teller eg normal modes upon excitation into the 4T2g excited 
state. These distortions combine to produce an excited-state 
molecule with D^ symmetry which is expanded in the equa­
torial plane, a distortion which is consistent with the observed 
ligand photodissociation product in the substituted com­
plexes. 

In the low-spin d6 octahedral complexes, particularly 
Co(NH3)6

3+ and Co(CN)6
3-, photochemical studies2 have 

implicated the spin-forbidden 3T|g excited state as being re­
sponsible for the observed photoreactivity. However, more 
recent investigations3 suggest that in Co(N H3)6

3+ the 3T2g and 
'Tig states may also play a significant role. These transitions 
are indicated in the overall Co(NH3)6

3+ absorption spectrum 
presented in Figure 1. 
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One particularly striking difference between these two 
complexes is in their photoaquation quantum yields 
(</>(Co(NH3)6

3+) = 3.1 X 10"4; 0(Co(CN)6
3-)= 0.31).4a 

Possible rationales for these differences involve significant 
variations43'15 in the potential surfaces of the 3T|g state in the 
hexaammine as compared to the hexacyanide and the ef-
fects4c-d of the strongly Dq dependent, highly spin forbidden 
5T2g state on the 3Tig state in the hexaammine, which has a 
lower ligand field strength and therefore a lower lying quintet. 
Although it was possible to determine5 an average excited state 
distortion for Co(CN)6

3- by simultaneously fitting the weakly 
structured emission spectrum and the unstructured absorption 
spectrum, not enough structure is exhibited by this complex 
to experimentally distinguish between the different distorting 
modes and obtain an excited-state geometry. This is in contrast 
to Co(NH3)6

3+, which does not appear to emit, but which we 
find to exhibit in its absorption spectrum (like its chromium 
counterpart) a great deal of excited-state structure in the 
Co(NH3)3(C104)2Cl-KCl lattice. This has permitted us to 
obtain reasonable pictures of the 'T|g and 3T|g excited state 
geometries. Furthermore, the highly structured °Tig electronic 
origin region permits us to obtain experimental evidence for 
a strong 3Tig-5T2g interaction via spin-orbit coupling for this 
complex and to derive an approximate picture of the potential 
surfaces and energetic position of the 5T2g state with respect 
to the 3Tig state. The photochemical implications of these re­
sults are considered in the Discussion section. 

Spectroscopic Studies of Photochemically Important 
Transition Metal Excited States. 2, The 1Ti8, 
3Ti8, and 5T2g Excited States of Hexaamminecobalt(III) 

Randall B. Wilson and Edward I. Solomon* 
Contribution from the Department of Chemistry, Massachusetts Institute of Technology, 
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Abstract: Low-temperature, high-resolution, polarized single crystal absorption studies of the 1Ti8-* 'Aig,
 3Ti8-" 'A|g elec­

tronic transitions in hexaamminecobalt(III) are reported. Analysis of the structure in the electronic origin regions of these 
transitions combined with Franck-Condon analysis of the absorption band shapes demonstrates that the photochemically ac­
tive 3Tig state (and 1Ti8 state) undergoes a large e8 Jahn-Teller effect. This produces a Dn, excited state geometry with an ex­
pansion of ~0.12 A in the Co-NH3 bond length along two axes and a contraction of ~0.02 A along the third axis. In addition, 
an analysis of the multiplet splitting pattern of the 3Tig pure electronic origins allows an approximate determination of the en­
ergetic position of the 5T28 state which interacts with the triplet through spin-orbit coupling. An experimentally derived poten­
tial surface diagram of the above states is presented which indicates an efficient radiationless deactivation pathway for the 3Tig 
state. The photochemical implications of these results and their relation to other photochemically active d3 and d6 complexes 
are also discussed. 
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