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* Singlet-Triplet Separation in Methylene and Silylene 

James H. Meadows and Henry F. Schaefer III 

Department of Chemistry and Lawrence Berkeley Laboratory 

University of California, Berkeley, California 94720 

Abstract 

! priori electronic structure theory has been applied to the 

3 1 lowest B1 and A
1 

states of CH
2 

and SiH2• Very large basis sets 

of contracted gaussian functions were employed. 

leading to 'a reasonable (10.9 kcal/mole) value 

energy separation are examined. For SiH2 , the 

to lie below the 3B
1 

state by 19 ± 3 kcal/mole. 

For CH2, the factors 

3 1 of the B1- A1 
1A

1 
state is predicted 

* Work performed under the auspices of the U.S. Energy Research 

and Development Administration. 
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Introduction 

3 . 1 The energy difference between the B
1 

and A
1 

states of 

CH2 has been the subject of considerable experimental and 
,. 

theoretical research in recent years: In 1961 Herzberg es-

tablisheJ for the first time that the triplet state was the 

lower-lying. However, since no singlet-triplet bands of CH2 

have been analyzed, electronic spectroscopy does not yield a 

precise value of the separation. 2 However, Herzberg suggested 

in 1966 that the singlet-triplet separation (to be called ~E 

hereafter) should be less than 23 kcal/mole. Since that time, 

essentially all experimental ,values have fallen into two groups, 

. 3-6 
which may be referred to as the "high" values (8-9 kcal/mole) 

and the "low" values 7- 9 (0-3 kcal/mole). 

The three most reliable ab initio theoretical studies10- 12 

reported to date all favor a high value for the singlet-triplet 

separation. The lowest theoretical ~E is 9.2 kcal/mole, predicted 

12 
by Staemmler, was obtained using the independent electron pair 

approximation (IEPA) and a large contracted gaussian basis set. 

The present research was motivated by two theoretical insights 

suggested independently by Hay, Hunt, and Goddard10 and by Bender, 

11 Schaefer, Franceschetti, and Allen. The first of these is the 

understanding that d functions on carbon significantly lower ~E. 

3 The second is the suggestion that the B1 state be approximated 

by a single configuration wave function 

(1) 
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while a two-configuration wave function 

. . 1 
be used to describe the A

1 
state. And, in fact, comparison 

wit)l the extensive (both in terms of basis set and treatment 

of electron correlation13) theoretical treatments of Bender11 

. 12 . 
and Staemmler show these two features to be the essential 

ingredients in a reliable prediction of ~E. The latter 

discovery may be somewhat surprising since in general the 

reliable prediction of electronic excitation energies requires 

(2) 

a fairly thorough treatment of electron correlation, usually via 

large scale configuration interaction (CI). 14 However, a simple 

rationalization of the transparency of the correlation problem 

in this specific case may be seen with reference to (1) and (2). 

We see that whiie the 3B 
1 Hart ree-F ock wave function treats the 

nearly de~enerate 3a · 1 and lb
1 

orbitals in an equivalent manner, 

the corresponding single-configuration 2 2 2 la1 2a1 lb
2 

2 3a1 for the 

1
A1 state ignores the lb

1 
orbital entirely. Hence the second 

configuration lai 2ai lb~ lbi is required for a theoretical treat

ment comparable to the single-configuration description of the 

3B state. 1 

Theoretical Details 

The purpose of the present research was two-fold. First, 

'to obtain near-Hartree-Fock predictions for the ~ethylene ~E 
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and therefore remove·the basis set depende~ce of earlier theoretical 

15 work. Secondly, comparable calculations have been carried out 

for SiH
2 

(silylene), for which the singlet-triplet separation is 

currently rather uncertain. For carbon and silicon, the largest 

readily available gaussian basis sets were used. The carbon 

(13s 8p) primitive gaussian set of van Duijneveldl6was contracted 

·to (9s 6p) so as to maintain maximum flexibility in the·valence 

region. That is, the five s functions with largest orbital exponents 

ai were grouped together according to the carbon atomic ls orbital,. 

and an ~alogous procedure followed for the three carbon p functions 

with largest exponents. Ina similar fashion, for silicon Veillard's 
. . 17 . 

(12s 9p) set was contracted to (9s 6p). For both C and Si, three 

sets (six functions each) of d-like functions were added as polariza-

tion functions. The chosen orbital exponents were 1.6, 0.8, and 

0.3 for carbon and 1.2, 0.6, and 0.2 for silicon. For each hydrogen 

atom, a (6s) primitive set was contracted to (4s) and two sets of 

p functions (a = 1.4, 0.25) added. Thus the final basis sets may 

be labeled C(l3s 8p 3d/9s 6p 3d), Si(l2s 9p 3d/9s 6p 3d), and 

H(6s 2p/4s 2p). 
. . 18 

Based in part on Clementi and Popkie's study of 

the water molecule with many basis sets, we estimate that the present 

basis for CH2 should yield total energies within 0.003 hartrees of 

the true Hartree-Fock limits. For silylene, such an estimate is 

more treacherous, but the primary error arises from the inability
17 

(by 0.00567 hartrees) of the present Si atom basis to precisely 

reproduce the Si atom Hartree-Fock energy. Nevertheless, we expect 

this SiH2 basis to describe rather well the valence region of the 

molecule and hence the singlet-triplet separation. 
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All computations were carried out on the Harris Slash Four 

19 . 20 minicomputer using the Ohio State-Cal Tech-Berkeley vers1on 

of POLYATO~ 21 Typical times for CH2 using the complete basis 

set were: integrals, 61.5 minutes; SCF procedure for two-. 

configuration description of the 1A
1 

state, 80.2 minutes for 6 

iterations. Note that a total of 65 contracted gaussian functions 

were used with the complete basis sets for both CH2 and SiH2 . 

Results 

The present theoretical results are summarized in Table I. 

In each calculation, the geometry was predicted by variation of 

the total energy with respect to both bond distance and bond 

angle. After the minimum was qualitatively located, nine adjacent 

points on the two-dimensional potential surface were used to 

determine the analytical form 

v = 

This form was then used to predict the precise equilibrium geometry, 

and a final calculation was carried out at that point in (r,8) 

space. The goodness of the fit was measured by the difference 

between the predicted actual total energies at the minimum. 

Note that the methylene total energies reported here are 

significantly lower than any one- and two-configuration results 

15 reported earlier in the literature. Previously the lowest 

reported energies were those of Staennnler, 12 whose energies lie 

.. } 
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0.004 and 0.005 hartrees higher than those in Table I. For 

cH
4

, our results confirm at essentially the Hartree-Fock limit 

the points emphasized in our introduction, namely that both 

polarization functions and a two-configuration treatment of 

1 
the A1 state are required for a reliable prediction of ~E. 

M>re quantitatively, comparison of lines 3 and 6 suggests that 

polarization functions lessen ~E by ··11.1 kcal. Similarly 

comparison of lines 5 and 6 suggests that going from a single~ 

configuration to a two-configuration description of the 1A1 state 

lowers the predicted ~E by 13.9 kcal. Clearly however, the two· 

effects are coupled since their sum is 25.0 kcal/mole, while the 

difference between lines 2 and 6 is only 20.6 kcal. 

Although the reactions of silylene have attracted considerable 

22-24 
interest during the past few years, the singlet-triplet 

separation is quite uncertain. Although a number of careful 

spectroscopic studies25- 27 have been reported for SiH2 , no 

transitions involving triplet electronic states have been 

identified. Although one's natural tendency is thus to assume 

a singlet ground state for silylene, Dubois, Herzberg, and Verma 25 

caution against precluding the possibility of a triplet ground 

state. However, it must be noted that Skell and Goldstein28 

demonstrated in 1964 that dimethylsilylene has a singlet ground 

state. And a very recent experimental nuclear recoil study by 

29 Zeck, Su, Gennaro, and Tang seems to establish for SiH2 itself 

the existence of a singlet ground state. 
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While it now seems clearly established that for SiH2, the 

1A
1 

state lies below the 3B1 state, the value of the singlet

triplet separation ~E has not been determined experimentally. 

At least two theoretical values of ~E have been presented. The 

30 
first, 46 kcal/mole, is that of Jordan, who carried out semi-

empirical calculations for the singlet and triplet state. A very 

31 
different result, 4.8 kcal/mole, was obtained by Wirsam, who 

carried out ab initio calculations with a gaussian basis set of 

moderate size. For comparison, Wirsam finds a total energy at 

the predicted 3B1 equilibrium geometry of -289.9066 hartrees, or 

0.1127 hartress higher than that obtained in the present research. 

Table I shows that all four of our calculations predict 

silylene to have a singlet ground state. The same trends as in 

CH2 (with respect to basis set and number of singlet configurations ) 

are seen here. Based on the CH2 comparison with experiment and 
' 

other theoretical treatments, we expect the most reliable ~E 

value predicted here, namely 18.6 kcal/mole, to be within three 

kcal/mole of the exact (unknown) value of Te for SiH2. Finally 

1 we note that the experimental structure of A1 SiH2 is known 

from Herzberg's work, and the theoretical geometry is in reasonable 

agreement. 

Among other molecular properties computed, the predicted 

dipole moments (at the respective equilibrium geometries) are of 

particular interest: 

ll(3Bl) 0.58 debye 
1 1.71 CH2 = ll ( A1) 

SiH2 ll(3Bl) -0.19 J.l(lAl) = 0.10 

where a positive dipole moment implies - + A H polarity. 
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One must not, of course, directly compare the singlet and triplet 

dipole moments, since they refer to very different geometries. 

In general one expect~ triatomic molecules AH2 with smaller bond 

angles to have larger dipole moment~, .since the dipole moment 

becomes identically zero.for 8 = 180°, 

In Table II are listed orbital energies and Mulliken 

populations. Inspection of the orbital energies provides an 

immediate rationalization of why CH2 has a triplet ground state 

while that for SiH
2 

is a singlet. Namely, the separation between 

the highest a1 and b
1 

orbitals is 0.0733 hartrees for CH2 but 

much greater, 0.1089 hartrees for SiH2• Thus in SiH2, the Sa
1 

orbital would prefer to be doub~y-occupied, while in CH2 there 

is some triplet "pairing energy" which is large enough to counter-

balance this tendency and singly occupy both orbitals. Furthermore, 

the difference (0.1089 - 0.0733) = 0.0356 hartrees = 22.3 kcal, is 

reasonably close to the predicted difference [10.9- (-18.6)] = 29.5 

kcal between the singlet-triplet separations for CH 2·and SiH2. 

Concluding Remarks 

Usinga basis set near the Hartree-Fock limit the major 

contributions to a reliable theoretical methylene singlet-triplet 

separation have been examined. Comparable thepretical studies of 

SiH2 have established to a significant degree of certainty (± 3 

kcal/mole) the value of the singlet-triplet splitting. We are 

hopeful that this prediction will serve to encourage further 

experimental studies of the spectroscopy and reactions of silylene. 
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TABLE I. Summary of near-Hartree-Fock results for CH2 and SiH2• Calculations with no polarization 

functions (NPF) do not include d functions on the heavy atom (C or Si) or p functions on 

hydrogen. Calculations carried out including these polarization functions are labeled PF. 

For the 1A
1 

state both one-configuration (OC) and two-configuration (TC) SCF results are 

reported. Experimental values are given in parentheses. 

Theoretical 
Description State 

Total Energy 
(hartrees) 

Bond Distance 
(A) 

Bond 
angle 

Singlet-Triplet 
Separation ~E 
(kcal/mole) 

NPF 

NPF-OC 

NPF-TC 

PF 

PF-OC 

PF-TC 

NPF 

NPF-OC 

NPF-TC 

PF 

PF-OC 

PF-TC 

L 

3B 
1 

lA 
1 

1A 
1 

3B 
1 

lA 
1 

lA 
1 

3B 
1 

1A 
1 

1A 
1 

3B 
1 

lA 
1 

1A 
1 

CH2 

CH2 

CH2 

CH2 

CH2 

CH2 

-38.92007 

-38.86985 

-38.88505 

-38.93478 

-38~89524 

-38.91748 

SiH2 -289.98925 

SiH
2 

-289.99429 

SiH2 -290.00579 

SiH2 -290.01927 

SiH2 -290.02765 

SiH2 -290.04890 

1.071 

1.100 

1.105 

1. 070 (1. 08a) 

1.095 

1. 097 (1.11 c) 

. 1.485 

1.533 

1.536 

1.471 

1.509 

1. 508 (1. 521 e) 

130.2° 

106.1° 

104.4° 

129.5° (134 ± 2b) 

103.7° 

102.9° (102.4c) 

118.2° 

.94.1° 

93.8° 

117.6° 

93.5° 

94.3° (92.le) 

31.5 

22.0 

24.8 

10.9 (r\, 9d) 

- 3.2 

-10.4 

- 5.3 

- 18.6 

... ... . 

I 
I-' 
N 
I 
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a G. Herzberg and J. W. C. Johns, J. Chern. Phys. ~' 2276 (1971). 

b Reference 11. 

c ' ' 
G. Herzberg and J. W. C. Johns, Proc. Roy. Soc., Ser. A, 295, 107 (1966). 

d References 3-6. 

e Reference 25. 
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TABLE II. Orbital energies (in hartree atomic units) 

and Mulliken populations from near Hartree- -
3B " Fock wave functions for the 1 states of 

CH2 and SiH2• 

Orbital Energies 

CH2 Siii2 

la
1 

-68. 7924 

2a
1 

- 6.1392 

lbl - 4.2447 

3a
1 

- 4.2444 

la
1 

-11.2442 lb2 - 4.2440 

2a
1 

- 0.8567 4a
1 

- 0.6694 

lb2 - 0.6015 2b2 - 0.5002 

3a
1 - 0.4766 5a1 - 0.4122 

lbl - 0.4033 2bl - 0.3033 

llilliken Populations 

3B 
1 c 6.16 Si 13.47 

.. " 
H 0.92 H l. 26 

1 _,j 

Al c 6.13 Si 13.38 

H 0.94 H 1.31 
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