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Extensive Configuration Interaction Studies 
of the Methylene Singlet-Triplet Separation 

Sir: 

For more than a decade now there have been two sets of 
conflicting experimental values for the 3Bi - 1Aj energy 
separation in CH2, the simplest carbene; the "low" values1 

cluster about M - 2 kcal/mol and the "high" values2-3 near 8-9 
kcal/mol. As if this situation were not confusing enough, a 
third experimental value, 19.5 ± 0.7 kcal, has recently been 
reported by Lineberger and co-workers4 on the basis of their 
laser photodetachment study. This latest experimental value 
appears the most reliable, since the energy difference AE is 
obtained from a direct spectroscopic measurement. 

Every ab initio theoretical study to date5"7 has rejected the 
1-2-kcal AE value, and all but one8 have yielded singlet-triplet 
separations even larger than the old "high" value of 8-9 kcal. 
Among the most reliable theoretical treatments is that of 
Bender and co-workers,9 whose configuration interaction (CI) 
calculations gave a AE value of 14.0 kcal. Since it appeared 
at the time (5 years ago) that additional refinements (e.g., basis 
set improvements) would lower the singlet-triplet separation, 
they estimated that the true AE value lies 1-5 kcal below the 
calculated 14.0 kcal. Thus, the lowest possible estimate nearly 
coincided with the "high" experimental value of 8-9 kcal. 
However, if Lineberger's experimental result4 is the true AE 
value, this line of reasoning is incorrect and the calculated 14.0 
kcal must be increased by ~5 kcal. In an attempt to clarify this 
point, it was decided to carry out state-of-the-art ab initio CI 
calculations. A communication by Roos10 tackles the same 
problem using different theoretical methods. 

Our present study begins with a "standard" set of calcula
tions. Additional basis set and correlation effects will be 
evaluated relative to this standard. The standard basis was of 
the contracted gaussian variety,11 labeled C(IOs 6p 2d/6s 4p 
2d), H(5s lp/3s Ip). This basis is considerably larger than any 
to date5-9 for which electron correlation has been variationally 
evaluated. This standard basis also reproduces to within 0.1 
kcal the Hartree-Fock limit AE value12 of 24.8 kcal/mol. 
Polarization function orbital exponents were optimized in the 
CI calculations and have the values 1.07, 0.33 (carbon d 
functions) and 0.95 (hydrogen p functions) for 3Bi CH2 and 
1.05, 0.30 (carbon d functions) and 0.89 (hydrogen p func
tions) for 1A1 CH2. 

The standard CI include all Slater determinants differing 
by one or two spin orbitals from the self-consistent field (SCF) 
reference configurations 

3B, la,22ai2 lb 2
2 3a i a lb,a (1) 

1Ai la , 22ai 2 lb 2
23ai 2 (2) 

Core and core-valence correlation effects were excluded by 
doubly occupying the lai orbital in all determinants. This yields 
4542 determinants for the 3Bi state and 5359 determinants for 
the 1A1 state when the standard 42 function basis set is em
ployed. The CI calculations were performed on the Harris 
Slash Four minicomputer13 using the BERKELEY system14 of 
programs. Per point on the respective potential energy surfaces, 
roughly 57 and 66 min of elapsed time was required. Since the 
cost of time on the Harris Slash Four is only $8/hour, these 
computations were quite economical. 

The equilibrium geometries of triplet (0 = 134°, r = 1.08 
A) and singlet (0 = 102.4°, r = 1.11 A) methylene are well 
known15'16 and were assumed here. The standard CI total 
energies were —39.06216 and —39.04065 hartrees, yielding 
a prediction of 13.5 kcal for AE (3Bi - 1Ai). The present 
variational 3Bi total energy lies 31.4 kcal below the comparable 
result of Bender9. 

Following the "standard" calculations, a number of addi-
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tional contributions to AE were considered. 
1. Enlargement of the Carbon sp Basis. By fully contracting 

(except for the outer four s and three p basis functions) the Is 
and 2s atomic orbitals, van Duijneveldt's much larger (13s 8p) 
basis17 was adapted to the present study. However, the CI 
energy lowerings for the 3Bi and 1Ai states were only 0.17 and 
0.08 kcal, respectively, and thus have little effect on AE (3Bi 
" 1 A 1 ) . 

2. Addition of Diffuse p Functions to the Basis Set. This was 
done relative to a smaller (than our standard) set of 32 basis 
functions. Using the Raffenetti-Ruedenberg even-tempered 
scheme,18 a set of p functions with a = 0.034 was added, and 
this had the effect of decreasing the predicted AE value by 0.12 
kcal. 

3. Consideration of Core and Core-Valence Correlation 
Effects. Since this substantially increases the number of Slater 
determinants, the smaller 32 function basis was used. Without 
the laj orbital constrained to be doubly occupied, the numbers 
of determinants increase from 2505 to 4891 (3B]) and 2981 
to 5469 determinants (1A]). We find that these effects increase 
the predicted AE value by 0.37 kcal. 

4. Additional Triplet Spin Eigenfunctions. The procedure 
used in our standard (and previous9) calculations includes only 
those configurations having nonzero Hamiltonian matrix el
ements with the respective Hartree-Fock reference configu
rations. However, for the 3Bi state there are numerous spin 
eigenfunctions which do not interact19,20 directly with the SCF 
configuration, but have no counterpart in the close-shell 1Ai 
state. For example, consider the excitation 

2ai Ib2 -* iai Jb2 (3) 

corresponding to electron configuration 

lai2 2a, lb2iai jb23ai Ib1 (4) 

Only six of the Slater determinants arising from eq 4 are 
included in the standard CI. However a total of fifteen deter
minants are possible and, using the 32 function basis set, all 
fifteen (and the comparable determinants for all other con
figurations) determinants have been included. For the 32 
function case, this increases the number of 3Bj Slater deter
minants from 2505 to 4204 and also allows our wavefunction 
to be a pure triplet spin eigenfunction. However, the 3B1 total 
energy changes from -39.05160 hartrees to -39.05186 
hartrees, a difference of only 0.17 kcal. It is quite clear that this 
correlation effect does not significantly change the predicted 
standard AE value. 

5. Effects of Higher Spin Orbital Excitations. These are 
extremely difficult to completely account for in an ab initio 
way, leading to approximate schemes such as the coupled 
electron-pair approximation (CEPA).21 Perhaps the simplest 
such scheme is Davidson's approximation22 for the correlation 
energy contribution due to quadruple excitations 

A £ Q = ( 1 - C 0
2 ) A £ D (5) 

where Co is the coefficient of the SCF configuration in the CI 
expansion and AEo is the correlation energy due to double 
excitations. If in addition we assume that A£D is about the 
same as the correlation energy due to single and double exci
tations, the 3Bi and 1Aj unlinked cluster contributions23 are 
estimated to be 0.0066 and 0.0101 hartrees. This difference 
(2.2 kcal) lowers the predicted AE value from 13.5 to 11.3 kcal, 
our final result. These results indicate that higher excitations 
lower the singlet-triplet separation, as implied by the impor
tance12 of the second configuration 3ai2 -* lbi2 for the 1Ai 
state. 

In conclusion the present state-of-the-art electron correlation 
studies predict AE (3Bi - 1Ai) = 11.3 kcal. Theoretical con
siderations suggest that if any corrections need to be made to 

this result, they will be small. Thus, it is clear that the present, 
far more exhaustive study, as well as that of Roos,10 supports 
the earlier theoretical work of Bender and co-workers.9 

Finally, it cannot be overemphasized that our predicted AE 
value is what spectroscopists would call Tt, the energy differ
ence between the minima of the 3Bi and 1A] potential energy 
surfaces. However, Roos10 has shown that the zero-point vi
brational energies of the 3Bi and 1Ai states are nearly identical, 
implying that Te is essentially the same as the observed sepa
ration To-
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Binuclear Cryptates. 
Synthesis and Binuclear Cation Inclusion 
Complexes of Bis-tren Macrobicyclic Ligands 

Sir: 
Macropolycyclic ligands incorporating receptor sites for 

two or more metal cations may form binuclear or polynuclear 
inclusion complexes, polynuclear cryptates, in which the dis
tance and arrangement of the cations, held inside the intra
molecular cavity, may be regulated via ligand design. They 
provide a novel entry into the study of cation interactions at 
short distances; at larger intercationic distances inclusion of 
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