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Singlet-Triplet Energy Gaps in Chlorine-Substituted Methylenes and Silylenest
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The singlet-triplet splittings of chlorine-substituted methylenes and silylenes have been studied by using the ab initio generalized
valence bond (GVB) dissociation-consistent configuration interaction (DCCI) method. All chlorine-substituted methylenes
and silylenes have singlet ground states, with calculated singlet-triplet splittings of 6.0, 20.5, 35.8, and 55.2 kcal/mol for
CHCI, CCI2, SiHCI, and SiCI,, respectively. We expect these results to be within 1 kcal/mol of experiment. The DCCI
result strongly suggests that the correct experimental singlet-triplet splitting of CHCI is 6.4 f 0.7 kcal/mol. [Photoelectron
studies of CHCI- lead to either 11.4, 8.9, 6.4, 3.9, or 1.4 kcal/mol, depending on assignment.]

I. Introduction
Carbenes are highly reactive molecules containing a divalent
carbon with an unshared pair of electrons.' There are two
low-lying states, singlet and triplet, depending on whether the
electronic configuration is u2 or high spin dd.

TABLE I: Geometries of Chlorine-Substituted Methylenes and
Silylenes" (Experimental Geometries Are in Parentheses)
molecule state r(C,Si-H), 8, r(C.Si-CI1. 8, anale. dea
CHClb 'A' 1.092
1.725
102.1
'A"
1.070
1.699
124.4

CCI2'
SiHCP
SiCI2O

U'd

U2

Carbenes undergo characteristic chemical reactions such as
insertion into a single bond, addition to a double bond, dimerization, and intramolecular rearrangement.' Their diverse chemical
properties of carbenes are strongly dependent upon spin multiplicities. Thus, using chemically induced dynamic nuclear polarization (CIDNP) techniques, Roth2 showed that reactions of
singlet and triplet methylenes with deuteriotrichloromethane lead
to different products:
l:CH2

-

+ CDCI,

+

[CH2CI..CDC12]

-

-

CH2CI-CDC12 (E)
(1)

,:CH2 CDCI,
[CH2D..CCl,]
CH2D-CC1, (A)
(2)
Singlet methylene generated from direct photolysis of diazirine
abstracts chlorine atoms from CDCI, and yields an emission
(eq 1). On the
CIDNP signal of 1,1,2-trichloro-l-deuterioethane
other hand, triplet methylene formed upon photosensitized decomposition of diazirine shows an absorption CIDNP signal of
I , 1,l -trichloro-2-deuterioethane initiated by hydrogen abstraction
(eq 2).
Whether the ground state of CXY is triplet or singlet is determined by which substituents X and Y are used.," In brief,
the singlet state is stabilized by electron-withdrawing substituents
and by substituents donating p r lone pairs to the empty carbon
p~ orbital. The triplet state is favored by substituents more
electropositive than carbon and by sterically bulky substituents
(which prefer large X-C-Y bond angles). The substituent effect
to the carbenic selectivity in the addition of singlet carbenes to
found
the double bond has been studied e ~ t e n s i v e l y . ~Moss7*
.~
that increasing pr-electron donation and increasing inductive
electron withdrawal by X and Y both augment the selectivity of
the singlet CXY in cyclopropanation reactions. Therefore, a
knowledge of the ground spin state, the singlet-triplet splitting
(ALEST), and the effect of a particular substituent is of great
importance in understanding the carbene chemistry.
In recent years, the chemistry of silylenes (the silicon analogues
of carbenes) has also become of great experimental interest. The
chlorine-substituted silylenes, SiHCl and SiCI2, have been detected
during the chlorosilane chemical vapor deposition of thin silicon
films and speculated as important gas-phase intermediate^.^,^
However, the structures and energetics of SiHCl and SiC12have
'Contribution No. 7953.

'Al

109.4

'BI

1.756
1.730
'A'
1.509 ( 1 .561d) 2.078 (2.064d)
3Afl 1.473
2.054
'A,
2.073 (2.066c)
'Bl
2.049

125.5

95.2 ( 102.8d)
115.9
101.7 (l0l.Sc)

118.2

Calculational level/basis sets for geometry optimization of silylenes
are MP2/6-31G** for the singlet state and UMP2/6-31G** for the
triplet state. *Reference 21. CReference 4. dReference 19.
e Reference 20.
not been well studied. In the present paper, we employed ab initio
theoretical methods to study the singlet-triplet splittings of
chlorine-substituted methylenes and silylenes and silylene
structures.
The parent molecules, CH2 and SiH2, have been studied most
extensively and their singlet-triplet energy gaps, AEsT(To), have
been determined to be -8.998 f 0.014 and 21.0 f 0.7 kcal/mol,
respectively, from experimentslOJ1and corroborated by theoretical
calculations12 (a positive value indicates a singlet ground state).
However, there are only a few experimental data for the singlet-triplet energy gaps of the substituted methylenes and sil y l e n e ~ . l ~ -The
' ~ recent photoelectron spectroscopic studies of
( I ) (a) Kirmse, W. Carbene Chemistry; Academic Press: New York, 1971.
(b) Carbenes; Moss, R. A,, Jones, M., Eds.; Wiley: New York, 1975; Vol.
2. (c) Reactioe Intermediates; Moss, R. A., Jones, M., Eds.; Wiley: New
York, 1978; Vol. 1, 1981; Vol. 2; 1985, Vol. 3. (d) Davidson, E. R. In
Diradicals: Borden. W. T.. Ed.: Wilev: New York. 1982. ( e ) Wentrun
. . C.
Reactioe Molecules; Wiley: New York, 1984.
(2) Roth, H. D. Arc. Chem. Res. 1977, 10, 85.
(3) Goddard, W. A., 111; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P. J. Acc.
Chem. Res. 1973, 6 , 368.
(4) Bauschlicher, C. W., Jr.; Schaefer, H. F.. 111; Bagus, P. S. J . Am.
Chem. Soc. 1977, 99, 7106.
(5) Harrison, J. F.; Liedtke, R. C.; Liebman, J. F. J . Am Chem. Soc. 1979,
101, 7162.
(6) Carter, E. A.; Goddard, W. A., 111 J . Chem. Phys. 1988, 88, 1752.
(7) (a) Moss, R. A. Arc. Chem. Res. 1980, 13, 58. (b) Moss, R. A. Arc.
Chem. Res. 1989, 22, 15.
(8) (a) Jasinski, J. M.; Meyerson, B. S.;Scott, B. S. Ann. Reo. Phys. Chem.
1987, 38, 109. (b) Breiland, W. G.; Ho, P.; Coltrin, M. E. J . Appl. Phys.
1986, 60, 1505.
(9) Kruppa, G. H.; Shin, S. K.; Beauchamp, J. L. J . Phys. Chem. 1990,
94, 327.
(IO) Jensen, P.; Bunker, P. R. J . Chem. Phys. 1988,89, 1327 and earlier
references therein.
( 1 1) Berkowitz, J.; Greene, J. P.; Cho, H.; Ruscic, B. J . Chem. Phys. 1987,
86, 1235.
( I 2) (a) Shavitt, 1. Tetrahedron 1985, 41, 1531. (b) Goddard, W. A,, 111
Science 1985, 227, 917. (c) Schaefer, H. F., 111 Science 1986, 231, 1100. (d)
Bauschlicher, C. W . , Jr.; Langhoff, S . R. J . Chem. Phys. 1987,87, 387 and
earlier references therein.
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TABLE 11: Singlet-Triplet Splittings ( A E s ) for Methylenes and
Silvlenes" (Recommended Theoretical Values Are DCCI. All
Quantities -in Units of kcal/mol)
level
CHClb
CCl,
SiHCl
SiCI,
HF
-1 1.3
-0.3
19.1
36.7
50.2
5.4
16.2
34.1
GVB(3/6)-PP
33.3
49.9
4.3
15.3
RCI
33.5
50.1
RCI*IICI
6.8
20.8
RCl*[IICI + S,,,]
-2.1
12.0
28.3
47.3
CCClC
11.3
24.8
40.1
57.5
DCCld
6.0
20.5
35.8
55.2
estimated limite
(6.4)
(20.9)
(35.4)
(54.8)
6.4f
experiment (To)
3.91
8.9,
previous theory (T,)
RHF
36.88
HF-SD
3.7h
M P4
21.9'
54.Y
5.4h
HF-SD + Davidson
"The following basis sets were used: C(5s3p2dl f), Si(7s5p2dl f),
H(2slp). and CI(4s3pld). *Basis sets for CHCl were C(7s4p3d20,
H(3s2p), and CI(6s4p2d). CRCl*[IICI S D ( a r ) ] . dRCI*[IICI +
S,,,
S D ( u r ) ] . eSee text and Figure 5. /Reference 15. The choice
depends on assignment. sRHF/6-3IG1 (ref 24). *3.7 kcal/mol from
CI-SD (TZ+2P) and 5.4 kcal/mol after the Davidson correction (ref
21). 'Vertical excitation energy at the MP4SDQ/6-31G** level using
] A , geometry (ref 22). jVertical excitation energy a t the
UMP4SDQ/6-31C* level using ] A , geometry (ref 23).

+

+

the halocarbene anions yield bounds for AEST of the halocarbenes.Is This study suggests AEsT(CHC1) to be ( 1 1.4 f 0.3)
-~ ( 2 .f
5 0.2) kcal/mol, where (0 I n I 4), with a singlet ground
state. No experimental observation exists for AEST of CCI,,
SiHCI, and SiCI,.
The theoretical approach employed in this paper is the ab initio
GVB-DCCI method in which generalized valence bond (GVB)
calculations are followed by a specific configuration interaction
(CI) so as t o be dissociation consistent (DC). We have shown
that this leads to a consistent treatment of carbene singlet and
triplet states.16 For example, the calculated singlet-triplet
splittings for fluorine-substituted methylenes and silylenes using
the DCCI method are in excellent agreement with available experimental results [CH2 (-10.0 vs -9.215), C H F (14.5 vs 14.6),
CF2 (57.1 vs 56.7), SiH2 (21.5 vs 20.7), SiF, (76.6 vs 76.2)].
Herein we utilize this proven ab initio GVB-DCCI methodology
(see calculational details in section V) to obtain accurate values
for the singlet-triplet splittings of chlorine-substituted methylenes
and silylenes.
In addition, from examining the trend in singlet-triplet splittings
and bond angle differences in substituted methylenes and silylenes,
we find (see section I l l ) an excellent correlation with Mulliken
population^'^ of the nonbonding o orbitals (carbon and silicon).
11. Results

The equilibrium geometries for the substituted silylenes were
calculated at the MP2/6-31G** level by using the G A U S S I A N ~ ~
programIs and are listed in Table I with available experimental
data.'9,20 The geometries for methylenes in Table I were taken
( I 3) (a) Koda, S. Chem. Phys. Letr. 1978, 55, 353. (b) Koda, S. Chem.
Phys. 1986, 66, 383.
(14) Rao, D. R. J. Mol. Spectrosc. 1970, 34, 284.
(15) Murray, K. K.; Leopold, D. G.;Miller, T. M.; Lineberger, W. C. J.
Chem. Phys. 1988.89, 5442.
(16) Shin, S. K.;Goddard, W. A., 111; Beauchamp, J . L.J . Chem. Phys.
Submitted for publication.
( I 7). Mulliken populations were obtained by summing over the electron
populations of each s, p. and d basis function on carbon and silicon within each
natural orbital for each G V B pair. Although this analysis tends to be basis
dependent, relative trends and comparisons are expected to be reliable.
(18) Frisch, M. J.; Binkley, J. S.; Schlegel, H.9.; Raghavachari, K.;
Melius, C. F.; Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Rohlfing,
C. M.; Kahn, L. R.; Defrees, D. J.; Seeger, R.; Whiteside, R.A,; Fox, D. J.;
Fleuder, E. M.; Pople, J. A . Gaussion 86; Carnegie-Mellon Quantum Chemistry Publishing Unit, Pittsburgh, 1984.
(19) Herzberg. G.;Verma, R. D. Con. J . Phys. 1964, 42, 395.
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from the calculations of Scuseria et aL2' (CHCI) and Bauschlicher
et aL4 (CCI2). The values for AEST of CHCI, CCI2,SiHCI, and
SiC12using the DCCI method are shown in Table I1 with available
experimental data and other previous theoretical results. Table
111 summarizes total charges on each atom, bond population, and
spd hybridizations in bonding orbitals and nonbonding CT orbitals
of carbon and silicon.
A. CHCI. The singlet-triplet splitting of CHCl using the DCCI
method is 6.0 kcal/mol. [The DCCI with 96 basis functions (nbfs)
consists of 17 216/3 I 005 spatial configurations/spin eigenfunctions
for the singlet state and 12 344/4 1 23 1 for the triplet state.] From
photoelectron spectroscopic studies of CHCI-, Murray et ai?
reported the triplet excitation energy to be (1 1.4 f 0.3) - ~ ( 2 . 5
f 0.2) kcal/mol (where n = 0, 1, 2, 3, or 4). The present calculations strongly support assigning the experimental singlet-triplet
splitting of CHCl as 6.4 f 0.7 kcal/mol.
The HF-SD (single and double excitations from Hartree-Fock)
calculations by Scusceria et aL2I yielded AEsT of 3.7 kcal/mol.
[With the triple-l plus double polarization basis sets (67 nbfs),
this involves 74 546 and 48 368 configurations for the singlet and
triplet states of CHCI.] Including Davidson corrections to the
HF-SD result, they estimate AE, = 5.4 f 2 kcal/mol. As pointed
out by Murray et al.,I5these results are not quite accurate enough
to pinpoint the correct experimental value between two possible
choices of 3.9 f 0.9 kcal/mol and 6.4 f 0.7 kcal/mol.
On the basis of our assignment of the experimental AEST as
6.4 f 0.7 kcal, the error from DCCI is -0.4 kcal/mol, where
HF-SD leads to an error of -2.1 kcal/mol, which is reduced to
-0.6 kcal/mol from use of the Davidson correction. This supports
the validity of the Davidson correction for such estimates. The
CCCI calculations6 with this basis lead to an error of +3.3
kcal/mol. As discussed in section V, this is due to the lack of
S,,, excitations [all single excitations from the GVB-CI wave
function].
Our previous studies suggest that errors in the hEs from DCCI
calculations are mainly due to limitations in basis sets.16 The major
effect is that the electronegativecarbon atom in CHI requires extra
diffuse functions to allow a balanced description of the relative
stabilities between the singlet and triplet states.I6 Thus extension
of the CH2 basis sets from C(5s3p2dlf)/H(2slp) to C(7~4p3d2f)/H(3~2p)
resulted in greater stabilization of the singlet
state by 0.9 kcal/mol. Similarly, extension of the CHCl basis
set from C( 5s3p2dl f)/H( 2s 1p)/C1(4s3pld) to C( 7s4p3d2f)/H(3s2p)/C1(6s4p2d) increases AEsT by 0.9 kal/mol.
The GVB one-electron orbitals are shown in Figures 1 and 2
for the ground (]A') and excited (3A") states of CHCI, respectively. Each valence orbital differs visibly both in the sp hybridization and charge transfer. For the singlet state there is
greater p r lone pair donation of chlorine into the carbon p r orbital
as is apparent from comparison of the chlorine p r orbital in 'A'
(Figure Id) with that in 3A'' (Figure 2d). This is confirmed by
the Mulliken population analyses in Table 111. The singlet state
has more p character in the C-H and C-CI bonds (C-H, 79.2%
p, and C-CI, 76.1% p for 'A' versus C-H, 44.6% p, and C-CI,
51 .O% p for 3A") and less p character in the nonbonding o orbital
(34.6% p for ]A' versus 70.8% p for 3A'').
B . CCI2. The singlet-triplet splitting of CClz from DCCI is
20.5 kcal/mol. [The DCCI with 74 nbfs consists of 9308/16 576
spatial configurations/spin eigenfunctions for the singlet state and
6296/25 590 for the triplet state.] There are no experiments
reported on CCI,; however, we suggest that these experiments are
feasible with current machines. Thus combining AEs, with the
adiabatic electron affinity of 1.603 eVISfor CCI, leads to an energy
estimate of 2.492 eV required for the generation of the triplet state
of CClz from photodetachment of CC12-. This suggests that the
triplet state of CClz is just barely accessible by photodetachment
of CCIz- with an argon ion laser operating at 488 nm (corresponding to 2.540 eV photons).lS
(20) Suzuki, M.; Washida, N.; Inoue, G.Chem. Phys. Lett. 1986, f3/, 24.
(21) Scuseria, G.E.; Durln. M.; Maclagan, R. G.A,; Schaefer, H. F., 111
J . Am. Chem. SOL-.1986, 108, 3248.
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TABLE 111: Total Charges, Bond Populations, and Hybridizations for CXY and SiXY"

molecule
CHCl

state
'A'

total charges
C,Si
H
CI
6.09
0.88
17.03

CCl2
SiHCl

IAI
'A'

6.00
13.51

SiCI2
CHCl

'A,
3Alr

13.43
6.12

0.84

17.04

CC12
SiHCl

%

3A"

5.98
13.64

1.10

17.01
17.26

SiCI2

'BI

13.53

1.18

17.00
17.31
17.24

17.24

bond
C-H
c-CI
C-CI
Si-H
Si-CI
Si-CI

bond
population
onCandSib
I .07
0.73
0.76
0.78
0.39
0.41

C-H
c-CI
c-CI
Si-H
s-CI
Si-CI

1.18
0.84
0.89
0.95
0.49
0.52

hybridization at C or Si
bonding orbital
%s
%p
Wd
18.8
79.2
1.9
20.6
76.1
2.7
19.6
77.4
2.7
19.3
73.6
6.7
27.6
62.3
9.0
28.5
61.1
9.4
54.7
47.3
52.0
58.2
48.6
54.0

44.6
51.0
46.6
38.5
44.8
39.6

0.8
1.5
1.4
3.4
6.2
6.0

nonbonding u orbital
Wp
%d
65.3
34.6
0.1

%s

69.5
71.5

30.3
27.7

0.1
0.6

74.1

23.3

2.4

28.8

70.8

0.5

37.6
46.0

61.6
51.2

0.9
2.7

59.0

37.2

3.6

"Based on Mulliken populations with basis sets of C(5s3~2dlf).Si(7s5p2dlf), H(2slp), and CI(4s3pld) (ref 17). Perfect covalent bonding would
lead to a carbon- or siiicon-ligand bond population of.1 .OO.
a..

LO

a) C - H BOND PAIR
ONE

I

a)

ONE

C - H BOND PAIR
ONE 1

ONE

1

I

b) C - CI BOND PAIR

b) C - CI BOND PAIR

ONE

I

ONE

I

'-i

c) C oORBlTAL

d) CI p,ORBlTAL

I

ONE

I

C
7
I
1 mm

I

I

\

c)

I

Figure 1. GVB(3/6)-PP one-electron orbitals for 'A' CHCI: (a) the
C-H bond pair, (b) the C-CI pair, (c) the C nonbonding u natural orbital
(nearly doubly occupied), and (d) the CI p r orbital. Contours indicate
regions of constant amplitude ranging from -1.0 to 1.0 au, with increments of 0.04 au.

The ' A l ground state has ( 1 9.6% s/77.4% p) character in the
C-CI bonds versus (52.0% s/46.6% p) for 3B, and 'Al has (69.5%
s/30.3% p) character in the carbon nonbonding u orbital versus
(37.6% s/61.6% p) for 3B,.
C. SiHCI. The predicted bond angle for singlet SiHCl differs
by 7.6' from the experimental bond angle determined by Herzberg
and Verma!19 In addition, the predicted Si-H bond distance of

oORBlTAL

d) CI &ORBITAL

u
Figure 2. GVB(2/4)-PP one-electron orbitals for 3A" CHCI: (a) the
C-H bond pair, (b) the C-CI pair; (c) the C nonbonding u orbital (singly
occupied), and (d) the CI pn orbital.

1.509 A is significantly shorter than the experimental value of
1.561 A. These discrepancies in B(Si-H-Cl) and r(Si-H) are 5
to I O times larger than those expected from comparisons with other
systems, and we suggest that the problem may be due to analyzing
the rovibrational spectra of this asymmetric top molecule SiHCl
using a symmetric top approximation and assuming zero inertia
defect .I9
The DCCI predicts the singlet-triplet splitting of SiHCl to be
35.8 kcal/mol. [With 68 nbfs, there are 7739/13653 spatial
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a

-,Q
Yr?

Y

SiHCI (3A'')

/H

a) SI- H BOND PAIR
ONE

ONE

a) SI- H BOND PAIR
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I

-I,

ONE

i
i

PAIR,

(*

I

b) Si- CI BOND PAIR
ONE

c) Si oORBlTAL
I

1

ONE

b) Si- CI BOND PAIR
ONE 1

d) Cl PrrORBITAL
~~~~-1

Figure 3. GVB(3/6)-PP one-electron orbitals for 'A' SiHCI: (a) the
Si-H bond pair, (b) the Si-CI pair, (c) the Si nonbonding u natural
orbital (nearly doubly occupied), and (d) the C1 p s orbital.

configurations/spin eigenfunctions for the singlet state and
5297/19001 for the triplet state.] No experiments have been
reported on AEST for SiHCI.
The GVB one-electron orbitals are shown in Figures 3 and 4
for the ground ('A') and excited (3A") states of SiHCI, respectively. Comparison with the bond pairs of CHCl in Figures 1 and
2 shows that the Si-CI bonds are more ionic than the C-CI bonds,
as expected from the electronegativity. Also, the p~ lone pair
donation of chlorine into the silicon p r orbital in SiHCl is visibly
smaller than that in CHCI. The hybridizations of the Si-H and
Si-CI bonds show the trend of more silicon p character for the
singlet than for the triplet (Si-H, 73.6%p, and Si-CI, 62.3%p
for 'A' vs Si-H, 38.5% p, and Si-CI, 44.8% p for 3A"). The
nonbonding g orbital at silicon has concurrently less p character
for the singlet (27.7% p) than for the triplet (51.2% p).
D . SKI2. The predicted bond angle for singlet SiCI2 is within
0.2O of an experimental value by Suzuki et aL20 The Si-CI bond
distance in singlet state SiC12is longer than the experimental value
by 0.007 A.
The DCCI singlet-triplet splitting of SiCI2 is 55.2 kcal/mol.
[With 82 nbfs, there are 10685/19089 configurations/spin eigenfunctions for the singlet state and 7199/28 879 for the triplet
state.] No experiments have been reported on AESTfor SiCI2.
The hybridization of the Si-CI bond follows the general trend
of more silicon p character for the singlet than for the triplet
(61.I % p for ' A , and 39.6%p for 3B,). The nonbonding n orbital
has concomitantly less p character for the singlet (23.3%p) than
for the triplet (37.2%p).

c) SI oORBlTAL

ONE

d) CI PTIORBITAL

Figure 4. GVB(2/4)-PP one-electron orbitals for 3A" SiHCI: (a) the
Si-H bond pair, (b) the Si-CI pair, (c) the Si nonbonding u orbital
(singly occupied), and (d) the CI p s orbital.

111. Discussion
A . Magnitude of AEsP In section IIA we used the DCCI
result for AEsT = 6.0 kcal/mol for CHCl to select the experimental
value of 6.4 f 0.7 kcal/mol from the choices of 11.4, 8.9, 6.4,
3.9, and 1.4 kcal/mol. To make such assignments, it is essential
that the magnitudes of the errors in the calculations (due to
electron correlation and basis set) be known. In Figure 5 we
compare theory and experiment for a number of systems and find
that the error changes smoothly with the average net charge on
the carbon or silicon atom. [The average net charge is based on
the Mulliken total charges of the center atom from the singlet
and triplet states.] Thus DCCI slightly underestimates (0 to I
kcal/mol) the AEsT for negative central atoms (e.g., CH,) and
overestimates (by -0.5 kcal/mol) AEsT for positive central atoms
(e.g., SiH2). We believe that these slight discrepancies are due
mainly to basis set limitations.16 Based on this correlation, we
also show in Figure 5 (open circles) our best estimate for the
experimental AESTfor CCI2, SiHCI, SiCI,, and SiHF (where no
experimental data are available). The predicted values for CC12,
SiHC1, SiCI,, and SiHF are 20.9 f 0.5, 35.4 f 0.5, 54.8 f 0.5,
and 39.9 f 0.5 kcal/mol, respectively. These predictions await
further experimental scrutiny.
The stabilization of the singlet state by the chlorine substitution
in place of hydrogen results from increased ionic character in the
bond, making the carbon or silicon more positive. One can think
of the singlet state as arising from bonding ligands to the p orbitals
of the atomic s2p2configuration of carbon (leaving an s2 lone pair),
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I

-6

I

I

l

I

l

J(I

I

I

t

-81

-0.5

'

'

'

'

0.0

'

'

'

'

0.5

'

'

'

'

TABLE IV: Hybridizations"of the Nonbonding u Orbitals in
Methvlene and Silvlenes
singlet
triplet

'

1.o

'

Average Net Charge on the Center Atom
Figure 5. Difference in singlet-triplet energy splitting between experiment and DCCl predictions are plotted as a function of the average net
charge on the central atom. Experimental results are indicated with a
solid circle. In cases with several experimental values (depending on
assignments), we show our selected value with a solid circle and other
possible choices with a cross. For cases with no experimental value, we
show our predicted experimental value with an open circle.
SCHEME I

pa
P
X

0

while the triplet state can be thought of as bonding the ligands
to an s lobe and a p orbital (leaving s and p-rnonbonded electrons).
As the bonds become ionic (toward the ligand) the carbon becomes
more s2p like for the singlet but sp2 like for the triplet. Since sp2
is an excited state of C+, the charge transfer is disfavored for the
triplet (see Scheme I).
The contribution of the p7r lone pair donation to the stabilization
of the singlet state can be estimated by comparing AEsr at the
RCl and RCl*llCl levels. The result is 2.6 and 5.5 kcal/mol
for CHCl and CCI2, respectively, whereas it is only 0.2 kcal/mol
for SiHCl and SiCI2. This strong effect of pn lone pair donation
on singlet stabilization for CHCl and CCI2 results from the
negative change on C and the smaller bond distance, both of which
favor pn delocalization.
B. Previous Calculatiom. Previous theoretical values for AEsT
of the chlorine-substituted methylenes and silylenes are available
at various calculational levels. Scuseria et aL2' used HF-SD CI
calculations with a triple-r basis augmented by two sets of polarization functions (TZ2P) to obtain 3.7 kcal/mol for AEST(CHCI) (and 5.4 kcal/mol after the Davidson correction).
Bauschlicher et aL4 obtained AEST of 1.6 and 13.5 kcal/mol for
CHCl and CCI,, respectively, at a relatively low level [HartreeFock (HF) for the triplet and generalized valence bond [GVB(1/2)] for the singlet] using double-{plus polarization on carbon
(DZp) basis sets. Nguyen et a1.22estimated a vertical excitation
energy of 21.9 kcal/mol from the singlet ground state of CC12
at the MP4-SDQ (Moller-Plesset fourth-order perturbation
theory) level using 6-31G** basis sets. Ha et al.23also utilized
the UMP4-SDQ method using 6-31G* basis sets to yield the

molecule
CH2'
CHCl
CHF"
CClz
CFI"
SiH2"
SiHCl
SiHF'
SiCll
SiF20

n(S)b
0.61
0.53
0.51
0.44
0.45
0.45
0.39
0.38
0.31
0.29

W),
deg

n(T)

101.8
102.1
103.3
109.4
104.7
92.4
95.2
97.6
101.7
100.9

4.28
2.46
1.91
1.64
0.93
1.72

1.11
0.96
0.63
0.45

W),
den

pb

133.2 0.14
124.4 0.22
121.1 0.27
125.5 0.27
118.2 0.48
118.2 0.26
115.9 0.35
115.8 0.40
118.2 0.49
115.8 0.64

A8,b
AEsT,
deg kcal/mol
31.4
22.3
17.8
16.1
13.5
25.8
20.7
18.2
16.6
14.9

-10.0
6.0
14.5
20.5
57.1
21.5
35.8
41.3
55.2
76.6

'Data for CXY and SiXY (X, Y = H, F) are taken from Shin et al.
(ref 16). bHere n is the ratio of p character to s character; thus n = 3
corresponds to sp3. Also included are bond angles (8), and singlettriplet splittings (AEST). The quantity p = n ( S ) / n ( T ) is the ratio of
hybridizations for singlet and triplet. A8 = 8(T) - 8(S) is the change in
bond angle between singlet and triplet.

vertical excitation energy of 54.9 kcal/mol for SiCI,. Gosavi et
estimated AEsr of 36.8 kcal/mol for SiCI2 on the basis of
the restricted H F (RHF) calculations using 6-3 lG* basis sets.
No ab initio calculational results for the singlet-triplet splitting
of SiHCl have been reported. Carter and Goddard6 designed the
correlation-consistent CI (CCCI) method to obtain the singlettriplet excitation energies in substituted carbenes and reported
values of 9.3 and 25.9 kcal/mol for AEsT of CHCl and CCI,,
respectively.
C. Relation of AESTand Hybridization. To provide quantitative correlations between the singlet-triplet splittings and the
sp" hybridizations in nonbonding u orbitals for both states, we
employ Mulliken populations. [Bauschlicher et aL4have previously
utilized Mulliken gross populations of the carbon atom for singlet
and triplet states to correlate with the qualitative trends of the
singlet-triplet splittings of carbenes. Also, Harrison et aLs have
suggested that the electronegativity of the substituents is an important factor in determining the multiplicities of the ground state.]
Since the singlet-triplet splitting involves an electronic excitation
between the nonbonding u and a orbitals, its dependence on the
halogen substitution can be understood in terms of the very different sp" hybridization in the nonbonding u orbital for the singlet
[n(S)] and triplet [n(T)] states, where n is the ratio of p character
to s character.
Table IV summarizes the sp" hybridization of nonbonding u
orbitals in methylenes and silylenes with bond angles and the
calculated singlet-triplet splittings (including datal6 for CXY and
SiXY where X, Y = H, F). The ratio n(T) for the triplet state
decreases from 4.28 to 0.45 for substitution of electronegative
halogens, whereas n ( S ) for the singlet decreases only from 0.61
to 0.29. Figure 6 shows the nonbonding u orbitals of triplet state
methylenes, where the increase in s character upon halogen
substitutions is manifest.
The dependence of the bond angle on the sp" hybridization
might appear peculiar. As the ratio n increases, there is more
p character in the bond orbitals on carbon, leading to smaller bond
angles (pure p orbitals favor 90' bond angles). This expectation
is borne out for the triplet states (see Table IV); however, for the
singlet states there are additional complications. The singlet state
bond angle O(S) increases with halogen substitution, which we
attribute to (a) the size of halogen substituent and (b) p.n lone
pair donation of halogen into the empty pn orbital of the center
atom (developing a partial double bond). In order to obtain better
correlations we define the ratio p . As shown in Figure 7, the
n ( S ) singlet p character/s character
p = - - triplet p character/s character
(3)
n(T)
singlet-triplet splittings correlate linearly with p, whereas the bond
(24) Gosavi, R. K.: Strausz, 0. P. Chem. Phys. Letr. 1986, 123, 65.
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Figure 6. Carbon nonbonding u orbital (singly occupied) of triplet methylenes as a function of halogen substitution.
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Figure 7. Singlet-triplet splittings of methylenes and silylenes as a
function of the relative ratio [ p = n ( S ) / n ( T ) ]of sp" hybridization in the
nonbonding u orbital.

Figure 8. Singlet-triplet bond angle differences [B(T) - tJ(S)]of methylenes and silylenes as a function of the relative ratio [ p = n ( S ) / n ( T ) ]
of sp" hybridization in the nonbonding u orbital

angle differences are inversely related, as shown in Figure 8. Only
CCI, deviates from these trends, perhaps due to the bulky chlorine
substituent (which in CC12 leads to a large CI-C-C1 bond angle
of 109.4' for the singlet state, resulting in small values of n(S)
and p ) .

0.62 for carbon and 0.42 for silicon with an internal ratio of 2.3
[f'(C) = 0.940 and 0.409, p(Si) = 0.637 and 0.2771. In addition,
one set of f functions was included, obtained by scaling the mean
d exponents of 0.62 for carbon and 0.42 for silicon by 1.2 [ f(C)
= 0.893 and ?(Si) = 0.6051. The s combination of d functions
and p combination off functions were excluded from all basis sets.
Valence double-{ basis setsB were used for hydrogen (4s/2s; scaled
by 1.2 for hydrogen attached to carbon and unscaled for hydrogen
attached to silicon) and chlorine (1 l s 8 p / 4 ~ 3 p )augmented
,~~
with
one set of p functions on hydrogen ( p = 1 .O and 0.6 for hydrogen
attached on carbon and silicon, respectively) and one set of d
functions on chlorine ( p = 0.6). This basis was used for all
Mulliken population analyses.
We also extended basis sets for carbon, hydrogen, and chlorine
to examine the convergence of AEsT of CHCI.
C( 7s4pp3d2j). The Huzinaga (1 1s7p) basis30for carbon was
contracted to (6s3p) triple-{ for both core and valence, but diffuse
s and p functions (p = 0.0388 and p = 0.0282) were added.)'
Three sets of carbon d polarization functions were added, centered
at 0.620 with an internal ratio of 2.5 (leading to exponents =
1.550, 0.620, and 0.248). Two sets of carbon f functions were
included, centered at the previous f exponent of 0.893 with an
internal ratio of 2.5 (f = 1.412 and 0.565).
H(3sZp).The Huzinaga scaled (6s) basisz6was contracted to
triple-{, with two sets of p functions centered at 1 .O with an internal
ratio of 2.3 ( p = 1.517 and 0.659).
CI(6s4p2d). The double-f basisz8(1 ls7p/6s4p) were used with
two sets of d functions centered a t 0.60 with an internal ratio of
2.3 ( p = 0.91 and 0.40).
B. Geometries. The equilibrium geometries for the singlet/
triplet states of SiHCl and SiCI, were optimized at the MP2/
UMP2 level with 6-31G** basis sets by using the GAUSSIAN86

IV. Summary
Ab initio GVB-DCCI calculations have been carried out to
estimate the singlet-triplet splittings for chlorine-substituted
methylenes and silylenes. The DCCl result suggests that the
experimental singlet-triplet splittings of CHCI is 6.4 f 0.7
kcal/mol (singlet ground state).
For SiHCI we calculate an equilibrium geometry that differs
significantly from the experimental geometry and recommend
reanalysis of the rovibrational data treating SiHCl as an asymmetric top molecule.
We find that the collection of CXY and SiXY molecules lead
to a quantitative correlation between the singlet-triplet splittings
and the sp" hybridization in nonbonding u orbitals of methylenes
and silylenes. The more electronegative substituent induces an
increase of s character in the nonbonding u orbital for the triplet
state as compared to the singlet state. The relative ratio of sp"
hybridization of the singlet state to the triplet state correlates
linearly with the singlet-triplet splittings and inversely with the
bond angle differences. Such correlations should be useful in
predicting the properties of other MXY systems, where M = C,
Si, Ge, Sr, Pb. Alternatively this correlation can be used to extract
hybridization and geometry predictions from measurements of
AEsT of other systems.
V. Calculational Details
A. Basis Sets. For calculations of singlet-triplet state splittings
at various levels of CI, we employed core double-{valence triple-(
basis sets for c a r h n ( 1 O s 6 p / 5 ~ 3 p )and
~ ~ silicon
~ ~ ~ ( 1 ls7p/7~5p),~'
augmented with two sets of d polarization functions centered at

e

(28) Dunning, T.H., Jr.; Hay, P. J . In Methods of Electronic Structure
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(25) Dunning, T. H.,Jr. J . Chem. Phys. 1970,55, 716.
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(27) One set of diffuse s(P = 0.03648)and p(.P = 0.02808) were added
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(31) Carter, E. A,; Goddard, W. A,, 111. J. Chem. Phys. 1987, 86, 862.
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program.18 The geometries for methylenes were taken from
HF/GVB( 1 /2) geometry optimizations for the ]A'13Aff states of
CHCI (using TZ2P basis sets) by Scuseria et aL2' and the
HF/GVB(1/2) calculations for 1AI/3BIstates of CC12 (using DZp
basis sets) by Bauschlicher et aL4
C . DCCI Calculations. The GVB-DCCI approach is based
on the GVB wave function in which the carbene lone pair and
the two bond pairs are correlated ( 2 GVB orbitals per pair),
followed by a small CI based on the GVB orbitals.6.16 For calculation of an accurate bond energy for a halogen-substituted
double-bonded molecule, XYC = CZW, the DCCI prescription
is to solve first for the GVB-PP(6/12) wave function in which
the double bond and the four carbon-ligand bonds are correlated.
Then, to relax the perfect spin-pairing restriction of the GVB-PP
wavefunction, we allow a full C1 restricted so that each correlated
pair has two electrons distributed among the two orbitals (this
is referred to as GVB-RCI). Then all quadruple excitations are
allowed out of the double bond [leading to the RCI*SDTQ(ar)
wave function]. This wave function dissociates smoothly to the
RCI*SD(mr) wave function on each carbene fragment, leading
to a consistent description for dissociation of the double bond.
For the halogen-substituted systems, it has been previously
shown6 that to obtain accurate AEsr for carbenes, one must include
the r-lone pair orbitals in the RCI. Hence, we would consider
the RCI*[IICI + SDTQ(ar)] wave function for XYC=CZW,
which dissociates to RCI*[lTCI
S D ( a r ) ] on each carbene

+
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product. This was designated CCCI by Carter and Goddard.6
If calculated self-consistently, these wave functions should lead
to accurate bond energies. However, for computational convenience we calculated the orbitals at the GVB-PP level. Hence to
include such orbital readjustment we must also include all single
excitations from the GVB-RCI wave function (Sva,). Thus the
final wave function is RCI*[lTCI S,,
SDTQ(or)] for X Y C
= CZW and RCI*[IICI ,S
,
SD(ar)] for the carbenes. This
choice of the wave function for CXY ensures that the double bond
in XYC=CXY is calculated at an equivalent level as the bond
length is increased to R = m. Hence, we refer to this as dissociation-consistent CI.'6-32 The DCCI description (RCI*[IICI
SvaI S D ( a r ) ] ) differs from the previous CCCI description
(RCI*(IICI SD(ur)]), only by inclusion of all single excitations
from the GVB-RCI wave function (SV8J. We find that inclusions
of Svalis important to balance the relative stabilities of the singlet
and triplet states.I6
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We argue that the electrostatically bound complexes of H, with Cr+ and CrH+ in which the H2 molecules are intact are
the lowest energy structures on the OH,+ ( n = 2, 3, 4, and 5 ) potential surfaces. Similar results are expected for other
first-row transition-element cations. It is suggested that, in more complex systems, substituents on the transition metal will
result in the metal being cationic and thus opening the electrostatic channel as a viable bonding mode.

Introduction
When a transition-metal ion reacts with H2to form a dihydride

transition-metal ions will, however, bind electrostatically with H2,
and the reaction

H

M+ +

H2

4

Mt

M+'

\

H

in which the hydrogens are bound to the metal center the reaction
will be exothermic if the sum of the metal-H bond energies is
greater than the H2 bond strength. Since the H, bond strength]
is 104 kcal/mol, the average M-H bond energy must be greater
than 52 kcal/mol for the reaction to be exothermic. While this
might be
for some transition-metal ions ( e g , Sc+ and
Fe+) it will not be possible for othersSv6(e.g., Cr+ and Cu'). All
( I ) Benson, S. W. Thermochemical Kinetics; 2nd ed.; Wiley: New York,
1976.
(2) Alvarado-Swaisgood, A. E.; Harrison, J. F. J. Phys. Chem. 1985,89,
5 198.
( 3 ) Rappe, A. K.; Upton, T. H. J . Chem. Phys. 1986, 85, 4400.
(4) Mavridis, A.; Harrison, J. F. J . Chem. SOC.,Faraday Trans. 2 1989,
85. 1391.
( 5 ) Schilling, J. B.;Gcddard, 111, W. A,; Beauchamp. J. J . Phys. Chem.
1987, 91, 4470.
(6) Alvarado-Swaisgood, A. E.; Harrison, J. F. Unpublished results.
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+

H2

.-c

H
Mt***I
H

in which the transition metal does not change its spin will always
be exothermic.' The lowest energy state for many transition-metal
cations and H2 will be the electrostatically bound complex in which
the H2 is essentially intact. Similar arguments obtain for M+-H.
The choices are
M+-H

+

H~

4

H
\ M+-H
H'

or

(7) For other examples of electrostatic effects in transition-metal bonding
see: Allison, J.; Mavridis, A,; Harrison, J. F. Polyhedron 1988, 7 , 1559.
Mavridis, A,; Harrison, J. F.; Allison, J. J. Am. Chem. SOC.1989, 1 1 1 , 2482.
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