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The lowest singlet and triplet states of the radicals CHa, CHF, CFz, and CHCHa have been 
investigated both in SCF and IEPA approximation ("independent electron pair approach" to account 
for electron correlation). The SCF calculations yield triplet ground states for CHz, CHF, and CHCH3, 
and a singlet ground state for CF 2. Electron correlation stabilizes the singlet state by about 14 kcal/mole 
with respect to the triplet for all four radicals leading to a singlet ground state also for CHF. The final 
triplet-singlet energy separations are 10, 6, -11 ,  - 4 7  kcal/mole for CH2, CHCH3, CHF, CF2, re- 
spectively. Values for equilibrium bond angles, ionization potentials and bond energies are also 
given. 
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Equilibrium bond angles 

1. Introduction 

Carbenes are of great importance as reactive intermediates in organic chemistry 
[1]. They are characterized by a formally divalent carbon center and two unpaired 
electrons. Such a configuration gives rise to four low-lying electronic states - a 
triplet and three singlets - which behave completely different in chemical reac- 
tions. 

For the simplest carbene (CH2, methylene) it is known both from experiment 
(ESR spectroscopy [2, 3], kinetics and thermodynamics of methylene reactions [4]) 
and from quantum chemical calculations [5] that the triplet s t a t e  (3B 1) is the ground 
state being about 10 kcal/mole below the lowest singlet state (IA1). From UV 
spectroscopy one concludes that CHF and CF2 have singlet ground states [6-10] 
which is supported by SCF calculations in the case of CF2, but not for CHF [11]. 
Whether carbenes with more extended substituents behave like singlets or triplets 
depends strongly on the electronegativity and the electronic structure of the 
substituents [1, 12]. 

In this paper we report on quantum chemical ab initio calculations for the 
systems CHF, CF2, and CHCH3, including the effects of electron correlation. 
The purpose of our investigation is to answer the following three questions: 

1) How much are the properties of the divalent carbon center in CH 2 changed 
if the H-atom is substituted? 

* Present address: Lehrstuhl fiir Theoretische Chemie, Ruhr-Universit~t Bochum, D_4630 Bochum, 
Germany. 
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2) How important is the influence of electron correlation on the relative 
stability of the lowest singlet and triplet states of CHF, CFz, and CHCH3 compared 
to CHz? 

3) Are the ground states of CHF and CHCH3 singlet or triplet states? 
Former theoretical investigations on these systems have been performed in 

the SCF-approximation [1 l, 13, 14] or with minimal CI I11] for CF 2 and CHF. 
CHCH 3 has only been studied with extended Hiickel [12, 15] or MINDO/2 
methods [16]. These calculations quite successfully reproduced the spectroscopical 
values for equilibrium bond lengths and angles for C F  2 and CHF as far as they are 
known experimentally [6-10, 17-19]. But they are not able to give answers to the 
above questions. 

2. Method of Calculation 

The quantum chemical method that we have used for this investigation is the 
"independent electron pair approach" combined with the calculation of "pair 
natural orbitals" (IEPA-PNO). Since this method has been described elsewhere 
in great detail for closed and open shell states [20-22] we just scetch its basic 
ideas: 
1) The starting point is a restricted (closed or open shell) SCF-calculation in the 

Roothaan [23] or McWeeny [24] scheme. 
A one-determinant SCF'wavefunction 

= 1 

where n is the number of doubly, p the number of singly occupied orbitals, is 
adequate for the lowest singlet and triplet states of the systems considered 
here. The higher singlet states require two-determinant SCF-wavefunctions 
for symmetry reasons. 

The SCF-energy Escv corresponding to the SCF-wavefunction q~o is an 
upper bound to the true energy E of the state under consideration, the difference 
generally is called correlation energy 

Ecorr = E - Esc F . 

2) The occupied SCF-orbitals ~Pi are transformed to localized ones ~Pi according 
to Boys' criterion [25]. Such a transformation is possible only within the 
doubly occupied and the singly occupied orbitals, respectively, but must not 
mix the two sets among each other. 

2) For each pair i, j of localized orbitals a "pair correlation energy" eij is calculated 
by means of the pair natural orbitals (PNO's) [26] of this pair. One distinguishes 
between in trapair  correlation energies ~i~ and singlet or triplet interpair  correla- 
tion energies l~j and %ij for i r  All ~j are calculated independently from 
each .other. 

4) The sum of the individual pair correlation energies e~j is regarded as an ap- 
proximation to the correlation energy of the system, i.e. 

E . . . .  ~ E . . . .  (IEPA) = Z ~ii + Z (1eli + 3e~J) 
i i < j  

("independent electron pair approach", IEPA). 
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Though the IEPA-scheme does not yield upper bounds to the true energy 
IEPA-results for binding energies, excitation energies etc. of first row atoms [22] 
and hydrides [27] are generally an order of magnitude more reliable than SCF- 
results. The residual errors for hydrocarbons in most cases are in the order of 
0.1-0.15 eV. This is the consequence of certain error cancellations and of the fact 
that the error of simply adding up pair correlation energies does not change very 
strongly with geometry and state. The implications of the IEPA approximation 
and corrections to it are currently discussed by Meyer [28] and Kutzelnigg and 
coworkers [29]. 

3. The Orbital Basis Set 

For  all calculations reported here we used an orbital basis of contracted 
Gaussian lobe functions, p-functions are constructed from two lobes with equal 
exponents ~/ and an off-center distance d such that d]/~=O.1, d-functions are 
constructed similarly from four lobes with d ]/~ = 0.2, except for dz2 which consists 
of three lobes with almost equal exponents, the weighting factors 1.0, -2 .0 ,  1.0 
and d]//~ = 0.21/~ for the outer lobes. For  details see [30]. 

F rom our experience with CH2 [5] we know that the inclusion of polarization 
functions both on C and H is of much greater importance to get good values for the 
triplet-singlet energy separation and the correct angular dependence of the total 
energies of both states than the use of extended s- and p-basis sets. (See also [31].) 
Because of the necessity to use much smaller basis sets for systems with two or 
three "heavy" atoms than it is possible for C H  2 the present calculations are 
performed with an orbital basis set of double zeta quality plus one set of polariza- 
tion functions. Our  basis consisted of 
a) a 8s, 4p Huzinaga basis [32] contracted to four s and two p groups with 

(5, 1, 1, 1) and (3, 1) contraction, respectively, both for C and F, 

Table 1. Orbital basis set for carbene calculations. The exponents t/ and contraction coefficients c 
are taken from 1-32] 

Sym. Nr. C F H 
t/ c q c t/ 

s 1 2779.4685 0.002056 6507.3241 0.001988 33.6444 0.00612 
417.66068 0.015639 979.61474 0.015108 5.05796 0.04575 
95.487919 0.075238 225.07995 0.072292 1.14680 0.20572 
27.079569 0.245001 64.607431 0.236486 0.321144 0.50822 
8.749239 0.466899 21.150915 0.461240 

2 3.043590 1.0 7.394198 1.0 0.101301 1.0 
3 0.527582 1.0 1.351308 1.0 
4 0.161 372 1.0 0.399 218 1.0 

p 1 9.689473 0.036774 22.879 625 0.044295 0.65 1.13 
2.053692 0.204112 5.021402 0.233797 
0.558755 0.505244 1.357981 0.507854 

2 0.154484 1.0 0.349 390 1.0 

d 1 0.7 1.0 1.2 1.0 



312 Volker Staemmler 

b) a set of five d-functions with I/= 0.7 for C and t /=  1.2 for F, 
c) a 5s Huzinaga basis [32] for H, contracted to two groups with (4, l) contraction 
d) a set of three p-functions with ~ = 0.65 for H. 

The exponents of the polarization functions were chosen reasonably, but were 
not fully optimized. The final basis set is given in Table 1. 

For CHCH3 we dropped the polarization functions at the H-atoms of the 
CH3-group since we were not interested in special properties of this group. Wiff 
this limitation the final size of the basis sets for the four radicals was: 73 lobes ir 
25 groups for CH2, 113 lobes in 35 groups for CHF, 153 lobes in 45 groups fol 
CF2, and 128 lobes in 41 groups for CHCH3. 

4. SCF-Calculations 

According to elementary MO-theory a divalent carbon center in a lineal 
carbene radical R 1CR2 has an electronic rc 2 configuration. Because of the twofok 
degeneracy of the z~-MO this configuration gives rise to three electronic state.. 
32;, 1A, and 12;. If the bond angle ,9 at the carbene center deviates from 180 ~ thq 
degeneracy of the ~-MO is removed. Generally, the component in the R1CR 
plane is called 0-, the one orthogonal to this plane is called rc. (We shall adopt thi 
notation though some confusion is possible with the notation 0., n, . . .  for linea 
molecules), a and r~ corresponds to 3at and lbl  in CH 2, to 7a' and 2a" in CHI 
and CHCH3, and to 6az and 2bl for CF2. 

According to Walsh's rules [33] for AH 2, HAB, and AB2 molecules th 
0- orbital is stabilized with decreasing bond angle 0 whereas rc remains nonbond 
ing. Therefore, we expect the following correlation diagram for carbene radical 

linear (O = 180 ~ bent (,9 < 180 ~ 

lz~ (0 -2 -'k g2) .~ 1A~ (1A,.) (g2) 

1A I 2- 21 IB1 (1A") 
[ 0.7C J ~ 1A1 (1A,) (0-2) 

3 z (art) ~. 3B 1 (3A") (azc) 

A 1 and B 1 correspond to the C2v symmetry of C H  2 and CF2, A' and A" to the 
C~ symmetry of CHF and CHCH3. For 180 ~ the a-re degeneracy causes the 32 
state to be the ground state (Hund's rule), for O < 180 ~ the amount of stabilizatior 
of the a orbital decides whether the triplet state with the an configuration remaim 
the ground state or the lowest singlet state with 0 .2 becomes lower in energy. 

The first step in the investigation of the relative stabilities of the lowest triple 
and singlet states of the four systems are restricted SCF-calculations for differen 
bond angles ,9 and fixed bond distances. All calculations were performed witt 
r~n = 1.11 A and rc~ = 1.30 A which are close to the experimental values [7-10~ 
(see Table 2). For CHCH 3 which has not yet been observed spectroscopically the 
value for rcc and the geometry of the CH3 group were taken from ethane. 

Our SCF-results are given in Table 3 and Fig. 1. All the curves in Fig. 1 ar, 
shifted such that the energies are measured relative to the energies of the single 
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[a.u.] 

-.05 
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90 105 120 135 150 165 
Fig. 1. SCF energies of the lowest singlet (S = 0) and triplet (S = l) states of CH2, CHF, CF2, an 
CHCH 3 (all energies relative to Esc v for S = 0, 0 = 180~ fixed distances RcH = 2.1%. Rcv= 2.457at 

Rcc = 2.916ao) 

states at 180 ~ The curve for the 3A" state of  C H C H 3  has been omit ted since i 
a lmost  coincides with the 3B 1 curve of  C H  2. One  observes the following charac 
teristic features: 
1) Though  the SCF-energies of  bo th  states of  CH2 are considerably higher (b: 

about  0.015 a.u.) than those obta ined  in earlier calculations with much  mor, 
extended basis sets [5] the triplet-singlet energy separation, the angula 
dependence of the energies, and the equil ibrium bond  angles are nearly th, 
same as in [5-1. We expect our  less extended basis Set to give reliable result 
also for the substi tuted methylenes. 

2) F o r  180 ~ the triplet states are lower than the singlets by about  0.08a.u 
50 kcal /mole  for all four systems (0.0807 a.u. for CH2,  0.0770 a.u. for CHI:  

0.0766 a.u. for CFz ,  0.0779 a.u. for CHCH3).  This can be explained by th  
fact that  in the linear case the energy difference of  the configurations ... o- 



Lowest Singlet and Triplet States in CH2, CHF, CF2, and CHCH 3 315 

and ... o.Tz (triplet) is given by the combination 

( ~  I o.o.) - (~o- I o.~) - (o.o. I o.o.) 

of Coulomb and exchange integrals only involving the highest o- and rc orbitals, 
provided that the o- orbital is identical in the two configurations. Since both 
the o- and the rc orbital are localized mainly on the carbon atom the triplet- 
singlet energy difference in carbenes at 180 ~ is an inherent property of the 
carbene C-atom and not much influenced by substitution. 

3) In all four systems the SCF energy of the singlet state is lowered with decreasing 
0 about twice as much as that of the triplet. This is easily explained by means 
of the Walsh diagrams [33] : The stabilization of the o.-orbital with decreasing 
0 affects the ... o -z configuration twice as much as ... o.Tz. 

4) Despite of the large stabilization of the singlet states with decreasing 0 only 
CF2 has a singlet ground state. In the SCF-approximation the triplet-singlet 
energy separations are 0.040 a.u. for C H 2 ,  0.005 a.u. for CHF, - 0.054 a.u. for 
C F 2 ,  and 0.034 a.u. for CHCH3, respectively. For  CHF, the singlet and triplet 
state have almost the same SCF-energy which has been observed previously 
by Harrison [11]. 

[ O.U 1 

-0.4 

-0.~5 

-0.~ = 

-0.55 

90 120 150 ~ '  180 

Fig. 2. Orbital energies of the highest occupied a an nMOs of the triplet states of a) CH2, b) CHF, 
c) CF/, and d) CHCH 3 (fixed distances) 
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The differences in the angular dependence of the SCF-energies of the fore 
radicals can be explained by means of the following arguments: 
1) The substituents (F, CH3) possess low-lying occupied rc-orbitals interactin~ 

with the carbon re-orbital. This conjugation leads to a slight delocalizatior 
of the rc-orbitals: The lower one becomes weakly bonding, the upper one-  whict 
is still localized mainly on the carbon atom - becomes weakly antibonding 
,Therefore, the highest occupied carbon orbitals are destabilized with respecl 
to CH z (resonance effect, + R [37]). 

2) The high electronegativity of the F-atom causes the C-F a-bond to be polarizec 
-towards the F-atom and the C-atom to bear an effective positive charge 
This stabilizes the highest carbon a- and ~z-orbitals (inductive effect, - I ~  
+ I ,  [37]). 

3) The stabilization of the carbon a-orbital with decreasing 0 as predicted b3 
Walsh [33] is enhanced very strongly by electronegative substituents (compar~ 
the discussion in Ref. [38]). 

Figure 2 shows the SCF orbital energies of the highest occupied a- and z~-orbitak, 
as calculated for the triplet states. For CHCH 3 the resonance effect predominate~ 
such that the orbital energies are higher than those of CHz for all 0. For CH[ 
and CF 2 the competition of the three effects leads to a strong stabilization of th~ 
o--orbital, whereas the re-orbital is influenced only slightly. The F-atom is actin~ 
as a a-acceptor and a weak re-donator. Similar diagrams for the 1A 1 state of CF: 
have been published by Sachs et al. [13]. 

5. Influence of Electron Correlation 

It is well known from quantum chemical calculations o n  C H  2 [5] that electron 
correlation is of great importance for the triplet-singlet energy separation. To 
investigate whether this is true also for substituted methylenes we calculated 
valence shell correlation energies for CHF, CF2, and CHCH3 within the IEPA 
model as scetched in Section 2. For CH/we repeated the IEPA calculations of [5] 
with the smaller basis set used here to estimate the influence of the basis on the 
numerical values of pair correlation energies. The calculations were performed 
for 900 < 0 < 1800 and fixed distances as given in Section 4. 

To save computation time we calculated pair correlation energies only for 
pairs of localized orbitals that both involve the carbene center. This is expected 
to be a good approximation since a) the correlation within the CH3 group o~ 
among the F lone pairs is almost independent from 0 and b) interpair correlation 
energies between carbon valence shell orbitals and the lone pairs on F or the 
C-H bonds are small and change only slightly with ~. Some pilot calculations 
have shown that both assumptions are quite good; the inclusion of all possibk 
pairs which is of course very time-consuming changes the final results by aboul 
5 Too or less. The sum of the carbon valence shell pair correlation energies will be 
denoted by cv E corr" 

The results of these calculations are given in the Tables 4-7. It must be noted 
that we did not perform the IEPA calculations for the singlet state at 0 = 180 ~ 
Because of the degeneracy of the a and rc-orbitals for 180 ~ the singlet states have 
to be described by two-determinant SCF-wavefunctions and-the IEPA schem( 
based on one-determinant SCF-wavefunctions yields less satisfactory results 
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Table  7. Valence shell pair correlation energies for C H C H 3  (all energies negative, in a.u., geometry 
see Table  2) 

State IA'  3A" 

105 o 129 ~ 

Esc v 77.90842 77.94267 

e(b~)" 0.03085 0.02718 
e(b~) 0.02610 0.02389 
e (b 1 bz)  0.01515 0.00997 
e(bl ~) 0.02106 0.01298 
e (b2 a) 0.01957 0.01194 
e (b 1 ~) 0.01609 
e(b2~) 0.01475 
e(t~ 2) 0.03492 
3e(aTc) 0.00677 

E~rr  0.14765 0.12357 

Esc v + E~r  r 78.05607 78.06624 

" b 1 and  b 2 are the C-H and C - C  a - b o n d  
orbitals. 

In the case of CHCH3 we performed the IEPA calculations only for the SCF 
equilibrium bond angles (105 ~ and 129 ~ respectively) since the resultant curves 
are very similar to those of C H  2. (To  avoid too many lower indices we use the 
notation elj and e(i,j) synonymously. Furthermore, for i r  eij denotes the sum 
of singlet and triplet interpair contributions). 

Concerning the discussion of the individual pair correlation energies e~j, the 
cv angular dependence of E .... .  and the difference in the valence shell correlation 

energies between the singlet and triplet states in CH2 we refer to [5]. Here we 
are mainly interested in the influence of the substitution on the e~j. From the 
Tables 4-7 one can conclude: 
1) Pair correlation energies of equivalent localized pairs in different systems 

have remarkably similar values. Up to deviations of about 0.001 a.u. we find 
in all systems in which the corresponding e~j occur the following values: 

Singlet states Triplet states 

e(bcZn) - 0.031 a.u. - 0.027 a .u .  

e(bcZv) -- 0.025 a.u. -- 0.025 a.u. 

3e(~, ~) - 0.006 a,u." 

e(ben  , ~) - 0.021 a.u. - 0 . 0 1 2  a.u. 

e(bcn , ~z) - 0 . 0 1 6  a,u. 

e(bcv  , cr) - 0 . 0 1 0  a.u. - 0 . 0 0 7  a.u. 

e(bcF , ~) - 0 . 0 0 9  a.u. 

almost independent 
of,9 

at  0 = 120 ~ 

2) The significant difference between e(bZn) and e(bc2F) is explained by the fact 
that the C-F  bonds are very strongly polarized towards the F-atom such that 
C - F  cr-bond is almost more similar to a lone pair on F than to the non-polar 
C - H  bond. (The intrapair correlation energy of a F lone pair in this basis is 
about 0.019 a.u.) The same fact is responsible for the small value of e(bcF, b'cv) 
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as compared to e(bcn, bey) or ~(bcij, b~n), and for the difference between 
e(bcn, a), e(bcn, n) and e(bcv, a), ~(bcv, n). The differential overlap between the 
two localized orbitals i,j involved in z(i,j) is decreased by the polarity of the 
C-F-bond. 

The difference in e(bZn) between the singlet and triplet states in due to the 
availability of the n-orbitals for excitation [26] in the singlet state. This is of 
minor importance for e(bZr) where the n-orbital is localized on the C-atom, 
the C-F  bond orbital however more on the F-atom. 

3) The decrease of cv ]Eeorr ] in the order CH/ ,  CHCH3, CHF, C F  2 both for the 
singlet and triplet states is a consequence of this decrease of the individual eli 
involving CF bonds. The difference of the valence shell correlation energies 
between singlet and triplet states at their equilibrium bond angles, however, 
has almost the same value for all four systems, namely -0.0233 a.u. (CH2), 
- 0.0241 a.u. (CHCH3), - 0.0228 a.u. (CHF), and - 0.0226 a.u. (CF2). That is, 
electron correlation stabilizes the singlet states of all four radicals by about 
14 kcal/mole with respect to the triplet, this stabilization is independent of 
substitution. 

4) The angular dependence cv of E .... is almost the same for all systems, except for 
angles close to 180 ~ . 

5) Compared to our previous calculation on CH 2 [5] with a more extended basis 
set the present values for the ~i~ of CH 2 are by about 10% smaller (in absolute 
value). An analogous behaviour can be expected for the substituted methylenes, 
too, but it must be noted that the influence of higher angular polarization 
functions (f-type) is much larger for F than for C. 
We can conclude by stating that the influence of electron correlation on the 

relative stability of the singlet and triplet states and on the angular dependence 
of the total energies has the same absolute magnitude for all four radicals, and 
probably for all carbenes. But the relative importance of correlation is very 
different since the SCF-energies show quite a different behaviour: For CH2 the 
triplet state remains the ground state even after the inclusion of correlation, but 
the triplet-singlet energy separation is decreased from 25 to 10 kcal/mole, and the 
equilibrium bond angle of the triplet state is increased considerably (compare 
Table 8). The same holds for CHCH3. In CHF, however, correlation causes the 

Table 8. Equilibrium bond angles 0 e and singlet-triplet energy separations of CH2, CHCH3,  CHF,  
and CF/  

CH2 C H C H  3 CHF CF 2 

Singlet states ~e SCF 102.9 104.8 103.4 104.7 
IEPA 101.1 103.4 104.7 
exp. 102.4 [35] 101.6 [7] 104.9 [8-10] 

Triplet states O~ SCF 128.0 128.1 120.9 118.1 
IEPA 134.1 122.4 118.8 
exp. 136+8 [2, 3, 34] 

E(triplet)-E(singlet) SCF - 25 - 21 - 3 34 
[kcal/mole] IEPA - 10 - 6 11 47 

exp. - 8 [4] 
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E [O.u.] 

.65- 
SCF 

3.1 kcat/rnole 

.80- 

IEPA 

.85" 
 2;j5- - - -  3X, 

I I 1 I I I i 

90 105 -120 135 150 165 ~ 180 

Fig. 3. Angular dependence of the SCF and IEPA energies of the two lowest states of CHF (Rcn = 2.1 ao 
and Rcv= 2.457a0 fixed) 

singlet to be the ground state, the equilibrium bond angles are hardly influenced 
Ecorr- For  since the SCF-energies show a much stronger angular dependence than cv 

CF2 the singlet remains the ground state, the equilibrium bond angles are almost 
not influenced by correlation. 

The potential energy curves of the singlet and triplet state of CHF are given 
in Fig. 3. For  CH2 we refer to the more accurate calculation E5], For  CF2 the 
shape of the curves without and with correlation is so similar that we only give 
the SCF curves in Fig. 1. 

6. First Ionization Potentials and Bond Energies 

Tables 9 and 10 contain the results of our calculations of first ionization 
potentials and bond energies of carbenes. Since electron correlation is of similaI 
importance for these properties as for excitation energies we have applied both 
the SCF and the IEPA approximation. 
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Table 9. Ionization potentials of carbenes (in eV) 

323 

CH 2 CHF a- CF 2 CI_ICH3 

Neutral molecule b 3B t ( 135 ~ 1A'( 103.4 ~ t A t ( 1050 ) 3.4" ( 129 ~ 
ion b 2A1(135~ ) 2A'(122.4~ 2A1(120~ ) 2A'(129 ~ ) 

Koopmans theorem 10.93 10.82 12.80 10.34 

SCF 9.58 9.39 10.98 8.55 

IEPA 10.27 10.40 11.94 9.19 

exp. [6] 10.40 12.1 
13.3 

a The Koopmans' and SCF values for CHF are taken for 3A" at 120 ~ 
b Fixed distances (see Table 2). 

Table 10. Bond energies (Dr) of CH2, CHF, CF2(eV ) 

Bond SCF IEPA(C)" IEPA b exp. c 

C - H  2.37 3.46 

H C - H  4.16 4.50 

H - C - H  6.53 7.96 

C - F  3.43 3.87 

H C - F  3.55 3.86 

H - C F  2.50 3.45 

H - C - F  5.93 7.32 

F C - F  3.60 4.02 

F - C - F  7.03 7.89 

5.07 

5.20 

3.59 

8.66 

5.50 

10.57 

3.47 [42] 
4,2 [6] 
5.45 [43] 

5.5__+0.2 [42] 

4.9 [43] 

<5.2 I-6] 

5.2+0.4 1-43] 

a Only carbon valence shell taken into account. 
b Total valence shell correlation (estimated). 
c Do values; to compare with the calculated/),  values one has to 

enlarge D O by the corresponding zero point energies. 

In all calculations of this section we took the bond distances of Table 2. The 
equilibrium bond angles for the neutral radicals are those of Table 8; the positive 
ions have almost the same bond angles as the triplet states since the ions have 
an electronic ... a configuration with the a-orbital singly occupied as in the triplet 
states. 

As it is observed frequently for first row atoms and molecules Koopmans' 
and SCF values of the first ionization potentials are in error by up to 1-2 eV, the 
Koopmans' values being slightly better than the SCF values (see Table 9). The 
errors of our IEPA results are expected to be an order of magnitude smaller, 
namely 0.1-0.2 eV [22]. Within this error limit the agreement with the experimental 
results is satisfactory; it has to be noted that the experimental figures suffer from 
various error sources (see [6]). In the case of CFa our calculations favour the 
lower experimental value of 12.1 eV. 
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In the ionization process only the valence shell of the carbene carbon center is 
involved, not the F-atoms or the CH3 group. Therefore, it is sufficient to take 
into account the difference between the carbon valence shell correlation energies 
of the neutral radicals and the ions (in the same way as for the angular dependence 
of the total energies of the lowest triplet and singlet states, see Section 5). The 
influence of the remaining pair correlation energies can be neglected. This is 
not possible, however, for the calculation of bond energies of fluorated carbenes 
(Table 10). During the formation of a C-F  bond the change in the correlation 
energy of the F-atom itself and the interatomic correlation contributions are 
of the same or even greater importance than that of the carbon valence shell. 
We therefore have to consider the total valence shell correlation energy of the 
whole system. To save computer time this quantity was estimated in the following 
way: a) IEPA calculation of the carbon valence shell correlation energy, b) IEPA 
calculation of the valence shell correlation energies of F and CF, c) transfer of 
equivalent pair correlation energies from CF to CHF and C F / a n d  estimate of 
the remaining ~ij for pairs localized far away from each other (e.g. C-H a-bonds 
and F lone pairs). The comparison of the eli of equivalent localized orbitals in 
Section 5 and other experience show this to be an acceptable procedure. 

The SCF and valence shell correlation energies of the individual subunits 
calculated with the present basis set are 

ESCF EcVorr 

H(2S) - 0.499 81a.u,  0.0 
C(3p)  - 37.67395 a.u. - 0 , 0 7 9  24 a.u. 
F(2P)  - 99,348 96 a.u. - 0 . 1 7 3  72 a.u. 

C H  (2H) - 38.26096 a.u. - 0 . I 1 9 1 8  a.u. (rcH=2.1ao) 
CF (2//) - 137.14880 a.u. - 0 . 3 1 3 4 0  a.u. (rcv = 2.457a0) 

Our values of EVor, of the constituent atoms are about 20-30 % smaller (in absolute 
value) than the "experimental" valence shell correlation energies [391. 

Table 10 shows that the SCF values of bond energies are in error by 1-2 eV. 
In CHF and CF2 the carbon valence shell correlation can only partly account 
for this difference. Our - more semiempirical - estimate of the total valence shell 
correlation energy, however, yields rather satisfactory results with an error in 
the order of 0.1-0.3 eV. This supports the general experience that IEPA results 
for bond energies, excitation energies etc. are an order of magnitude more reliable 
than SCF results. 

We have to mention that the additivity errors of the IEPA scheme increase 
with the number of electrons; the cancellation between these errors and the 
deficiencies of the basis is better in small molecules than in at~oms. Due to this 
effect IEPA correlation energies of molecules often are "more accurate" than 
those of the constituent atoms. In our calculations we account for about 80-90 % 
of molecular valence shell correlation energies, but only for 70-80% for the 
atoms. In CH for instance, our value of -0.03994 a.u. for the change in correlation 
energy between CH and C + H is only 10% smaller than the "experimental" value 
[40, 41] of - 0.043 a.u. 
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7. Some Properties of CHCH 3 

In the present paper we have calculated the energy difference between the 
lowest triplet and singlet states of CHCH 3 . 

Further calculations on the hypersurfaces of the two states are in progress, 
in particular to investigate the rearrangement of CHCH 3 to ethylene. Here we 
report preliminarily on some properties of CHCH 3 apart from those already 
mentioned in the Tables 8-10. (The C - C  distance of 2.916 a o was taken though 
the MINDO/2 investigations predict an appreciably shorter distance which would 
change the results slightly.) 

The SCF energies of both the singlet and triplet states of CHCH3 are much 
higher than that of the ethylene ground state in its equilibrium geometry. With 
the present basis we get for ethylene EscF = --78.01930 a.u. which is 0.11088 a.u. 
= 69.6 kcal/mole below the CHCH 3 singlet and still 0.07663 a.u. = 48.1 kcal/mole 
below the CHCH3 triplet. (Since our basis set for CHCH 3 contains p-functions 
only for one H-atom we have to take for ethylene the weighted average between 
the SCF-energies of -78.01596 a.u. without and -78.02931 a.u. with p-functions 
at all H-atoms.) 

The valence shell correlation energy is estimated [44] to be about 0.02 to 
0.03 a.u. larger in ethylene than in singlet CHCH 3 such that totally C2H4 is about 
85 kcal/mole below singlet CHCH 3 and 80kcal/mole below triplet CHCH 3. 
The rotation barrier of CHCH 3 with respect to rotation through the C - C  bond 
is quite different for the two states: 0.44 kcal/mole in the triplet state (at 129 ~ 
and 2.19kcal/mole in the singlet (at 105~ both in SCF-approximation. This 
difference is due to a) the larger bond angle in triplet CHCH 3 which reduces the 
rotation barrier and b) to the fact that in the triplet state the - C H  group is more 
isotropic than in the singlet. Though the present basis set is too poor to allow for 
very accurate predictions this behaviour fits nicely into the compilation of ex- 
perimental and calculated rotation barriers of organic molecules published 
recently by Radom and Pople [45]. The much smaller values for the rotation 
barriers in CHCH 3 found by Bodor and Dewar [16] and Hoffmann et al. [15] 
may be due to the deficiencies of the MINDO/2 and extended Htickel methods. 

8. Conclusions 

The main results of the present investigation with regard to the questions 
of the introduction may be stated as follows: 
a) The behaviour of the SCF-energies of carbenes (angular dependence, relative 

stability of singlet and triplet states) is influenced very strongly by the sub- 
stituents. This can be explained in terms of overlap and substituent effects 
(inductive, resonance effect) as discussed in textbooks on valence theory [37]. 

b) Electron correlation has a large influence on the value of the triplet-singlet 
energy separation. In the case of CHF it even leads to a singlet ground state 
whereas the SCF-approximation gives a triplet one. The angular dependence 
of the correlation energies, however, is not very important and does not change 
the shape of the potential curves very much. 
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c) The difference in correlation energy for the singlet and triplet state is nearly 
the same in all carbenes. This is a consequence of the fact that this difference 
depends on the highest occupied a and rc-MO's which are mainly localized 
on the carbene C-atom. In the same way the triplet-singlet splitting at 180 ~ 
in SCF approximation is a property of the carbon atom and not much influenced 
by substitution. 

d) We expect that similar arguments are also valid for carbenes others than the 
four considered here; substitution of the H-atoms of methylene by electro- 
negative substituents stabilizes the singlet state with respect to the triplet. 
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