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Comparison of Alkyl Substitution Effects on
Singlet-triplet Splitting of Silylene with Carbene
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Full geometry optimizations have been carried out on
singlet and triplet states of alkyl substituted acyclic silylene
by B3LYP method using 6-311++G** basis set of the
Gaussian 98 system of program. In contrast to carbene CH2,
the singlet state of silylene (SiH2) is ground state. Similar to
carbene, stability of singlet state is increased with substitut-
ing of alkyl groups on silylenic center. By comparing NBO
charges on silylenic center of SiH2 and other large substi-
tuted acyclic silylenes, the role of methyl group is electron
withdrawing respect to hydrogen atom. Higher electronega-
tivity of methyl group leads to stabilize the singlet respect to
triplet state as well as decreasing the singlet-triplet splitting
energies.
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INTRODUCTION

Carbenes (CH2) and silylenes (SiH2), highly reactive intermediates,
are extensively studied in organic chemistry1-13. Generally, the carbenes
and silylenes could be defined in terms of their electronic structure; singlet
(σ2 and/or π2 configurations) and triplet (σπ configuration) states. The re-
activity of carbenes and silylenes can be predicted through determination
of their singlet-triplet splitting. The stability of singlet state is depending
on two factors. First, more electronegative substituents raise the stability
of singlet state. Second, substituents which have electron pairs raise the
stability of singlet state through electron donating via hyper-conjugation
to the empty σ orbital. The triplet state, on the other hand, should be stabi-
lized by substituents that are electropositive and/or bulky. In the present
work, our goal is to obtain the quantitative information on the magnitude
of singlet-triplet splitting in the simple acyclic silylenes and compared
with carbenes.
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METHOD OF CALCULATIONS

Geometry optimizations are carried out by B3LYP14,15 method using
6-311++G** basis set of the Gaussian 98 system of program16. In order to
find energy minima, keyword FOPT are used. This keyword requests that a
geometry optimization be performed. The geometry will be adjusted until
a stationary point on the potential surface is found. Here, the Berny algo-
rithm is employed for all minimizations using redundant internal coordi-
nates17. For minimum state structures, only real frequency values have been
accepted. For singlet states, the restricted RBecke3LYP is used while the
unrestricted UBecke3LYP is used for triplet states.

RESULTS AND DISCUSSION

Full geometry optimizations are carried out by B3LYP method using
6-311++G** basis set of the Gaussian 98 system of program. In this work,
the magnitude of singlet-triplet splitting is evaluated for the simple acyclic
silylene and compared with carbene. The reactivity of silylenes is related
to the singlet-triplet splitting. Therefore, we calculated the singlet-triplet
splitting for simple acyclic silylenes: CnH2n+2Si (n = 0-6). The total ener-
gies and energy differences between singlet and their corresponding triplet
states, ∆E(t-s) are calculated using B3LYP/6-311++G** level of theory
(Scheme-I and Table-1). Since the lowest energy geometry for both
singlet and triplet states is found to be the trans configuration, we focus
our attention on trans configurations for all of CnH2n+2Si (n = 0-6)
compounds. The singlet-triplet splitting does not significantly change with
substituting of more methyl groups on silylenic center (CnH2n+2Si (n =
7-9)). So, for the sake of brevity, we exclude the results of more methyl
substitutions.
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Scheme-I. Simple acyclic carbenes and silylenes

In contrast to carbene CH2, the singlet state of silylene SiH2 is ground
state lying 20.408 kcal/mol higher in energy. This can be understood in
terms of the molecular orbitals of the MH2 (M = C and Si) unit. The key
point is the energy gap between the 2a1 (HOMO) and the 1b1 (LUMO)
orbitals. The 2a1-1b1 energy gap depends on four factors. First factor is
related to the electronegativity of M. A lower electro-negativity of M
increases the size of the atomic orbitals and lengthens the M–H bonds,
stablizing the singlet state. Second factor that influences the HOMO-LUMO
gap is the polarity of the M–H bond. The C–H bonds are nearly non-polar,
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but the Si–H bonds are polarized in the direction Si+–H-. The result is to
make the HOMO-LUMO gap greater than CH2 and therefore this effect
stabilizes the singlet state for SiH2 relative to CH2. Third factor is related to
the nonbonding electrons character. The heavier atoms prefer to have
nonbonding electrons in atomic orbitals with a higher percentage of
s-character. The higher s-character in the 2a1 orbital of SiH2 relative to CH2

suggests a relatively lower energy of this orbital and a higher HOMO-
LUMO gap and stabilized singlet state. Fourth factor is the size of atom.
because of the larger size of the lone pair orbital in SiH2, the electron-
electron repulsion between the paired electrons in the 2a1 orbital of the
singlet of SiH2 is less respect to CH2, favoring the singlet state for the
heavier elements.

Similar to CH2, substitution of a methyl group on silylenic center
(CH3SiH) increase the singlet-triplet splitting (23.206 kcal/mol). Substi-
tuting of two methyl groups on silylenic center leads to raise the singlet-
triplet splitting (26.702 kcal/mol), where the singlet state is ground state.
Substitution of three and four methyl groups on silylenic center (C3H8Si
and C4H10Si) leads to slightly decreasing the singlet-triplet splitting (26.356
and 24.905 kcal/mol, respectively) with singlet ground state. The singlet-
triplet splitting does not significantly change with substitution of more
methyl groups on silylenic center (from C4H10Si to C6H14Si). Substitution
of methyl groups on the silylenic center leads to accumulate the positive
charge on silylenic center; stabilizing the singlet state and increasing the
singlet-triplet splitting. Decreasing of singlet-triplet splitting from C2H6Si
to C6H14Si is related to increasing the steric effects; leading the more
stability of triplet state; and thus decreasing singlet-triplet splitting.

The geometrical parameters including bond lengths (R1-R3) and bond
angle (A1) of singlet and triplet states for CnH2n+2Si (n = 0-6) is presented
(Table-2).

Similar to CH2, the singlet state of SiH2 exhibits larger bond lengths
than triplet SiH2. It is obvious that the singlet states of silylene generally
utilize more p character in their bonds, which results in smaller H–Si–H
bond angles. Decreased bond angles produce greater repulsion between
the substituents, which is in turn reduced by lengthening the bonds. For
methylsilylene, the bond length (CH3Si–H) of singlet exhibits larger than
triplet state and also the bond length (CH3–SiH) of triplet is larger than
singlet state. Generally, substituting of more methyl groups on silylenic
center CnH2n+2Si (n = 3-9) reveal that the bond length (CH2–Si) of singlet is
larger than singlet state.

The bond angle A213 for singlet state of methylenic and silylenic center
is increased with substituting alkyl groups while this changes for triplet
states is not observed.
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TABLE-2 
CALCULATED B3LYP/6-311++G** BOND LENGTHS (R1,R3) AND BOND 

ANGLE (A213) OF SINGLET AND TRIPLET STATES FOR ACYCLIC 
CARBENES AND SILYLENES 

Singlet state Triplet state 
Compd. 

R1,2 R1,3 A213 R1,2 R1,3 A213 

CH2 1.114 1.114 101.502 1.080 1.080 135.375 

H2Si 1.527 1.527 91.500 1.488 1.488 118.718 

C2H4 1.455 1.110 106.323 1.464 1.083 134.888 

CH4Si 1.910 1.532 94.419 1.902 1.493 118.883 

C3H6 1.471 1.471 112.641 1.468 1.468 133.731 

C2H6Si 1.914 1.914 98.139 1.907 1.906 118.649 

C4H8 1.467 1.473 112.928 1.472 1.470 134.063 

C3H8Si 1.919 1.915 98.198 1.919 1.908 118.687 

C5H10 1.469 1.469 113.265 1.472 1.472 134.532 

C4H10Si 1.919 1.922 101.099 1.920 1.920 118.968 

C6H12 1.468 1.468 113.265 1.471 1.473 134.587 

C5H12Si 1.919 1.922 101.006 1.920 1.921 118.779 

C7H14 1.468 1.468 113.265 1.471 1.471 134.725 

C6H14Si 1.920 1.922 101.129 1.920 1.920 118.768 

 

B3LYP/6-311++G** NBO charges on silylenic center (Si1) is calcu-
lated for singlet and triplet states of CnH2n+2Si (Table-3). By comparing
NBO charges on silylenic center of SiH2 and CH3SiH for singlet state, the
methyl groups donates less electron than does H to the silylenic center,
consistent with most electronegativity of methyl group compared to
hydrogen atom. This is in contrast to the conventional concept that the
methyl group is more electron rich and has electron donating nature. Sub-
stituting more methyl groups on silylenic center CnH2n+2Si (n = 2-7) show
the increasing charge on Si1. Similar to carbene CH2 the dipole moments
of singlet and triplet states increase with substitution of one methyl group
instead of hydrogen on silylenic center SiH2 suggesting an electron with-
drawing character for methyl group respect to hydrogen atoms.

In contrast to CH2, dipole moment of singlet state is generally increased
from CH4Si to C6H14Si.

The amount of singlet-triplet splitting is rationalized in terms of simple
qualitative arguments based on the HOMO-LUMO gap and in s and p
orbital occupancy (Table-4)18. Generally, the substitution of methyl groups
on carbenic and silylenic center increase HOMO-LUMO gap. The increas-
ing of HOMO-LUMO gap leads to more stability of singlet state.
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TABLE-3 
CALCULATED B3LYP/6-311++G** NBO CHARGES ON ATOMS AND 

DIPOLE MOMENT OF SINGLET AND TRIPLET STATES FOR ACYCLIC 
CARBENES AND SILYLENES 

Singlet state Triplet state 

Compd. Charge 
on C1 

Charge 
on C2 
(H2) 

Charge 
on C3 
(H3) 

Dipole 
Charge 
on C1 

Charge 
on C2 
(H2) 

Charge 
on C3 
(H3) 

Dipole 

CH2 -0.112 0.056 0.056 2.062 0.907 0.046 0.046 0.690 
H2Si 0.589 -0.294 -0.294 0.203 1.124 -0.062 -0.062 0.121 
C2H4 -0.040 -0.730 0.081 2.576 0.941 -0.407 0.055 1.003 
CH4Si 0.785 -1.167 -0.306 1.009 1.203 -0.510 -0.063 0.932 
C3H6 0.117 -0.731 -0.731 2.108 0.982 -0.393 -0.393 0.822 
C2H6Si 0.967 -1.165 -1.165 1.213 1.286 -0.509 -0.509 0.779 
C4H8 0.121 -0.543 -0.726 2.033 0.987 -0.293 -0.394 0.818 
C3H8Si 0.981 -0.946 -1.165 1.267 1.283 -0.386 -0.514 0.853 
C5H10 0.126 -0.539 -0.539 1.973 0.991 -0.293 -0.291 0.788 
C4H10Si 0.993 -0.952 -0.943 1.396 1.282 -0.392 -0.392 0.890 
C6H12 0.133 -0.538 -0.538 1.900 0.993 -0.293 -0.291 0.836 
C5H12Si 0.999 -0.948 -0.943 1.304 1.286 -0.392 -0.391 0.934 
C7H14 0.141 -0.537 -0.537 1.820 0.995 -0.293 -0.291 0.730 
C6H14Si 1.004 -0.948 -0.940 1.348 1.290 -0.392 -0.392 0.971 
 
 

TABLE-4 
CALCULATED B3LYP/6-311++G** HOMO, LUMO (eV) AND HOMO, 

LUMO SPLITTING OF SINGLET AND TRIPLET STATES FOR ACYCLIC 
CARBENES AND SILYLENES 

Singlet state 
Compound 

HOMO LUMO LUMO-HOMO splitting 
CH2 -0.261 -0.142 0.119 
H2Si -0.246 -0.123 0.123 
C2H4 -0.225 -0.093 0.132 
CH4Si -0.227 -0.104 0.123 
C3H6 -0.207 -0.073 0.134 
C2H6Si -0.215 -0.088 0.127 
C4H8 -0.207 -0.073 0.134 
C3H8Si -0.213 -0.087 0.126 
C5H10 -0.207 -0.072 0.135 
C4H10Si -0.209 -0.085 0.124 
C6H12 -0.206 -0.072 0.135 
C5H12Si -0.209 -0.085 0.124 
C7H14 -0.206 -0.071 0.135 
C6H14Si -0.209 -0.085 0.124 
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Conclusion

The magnitude of singlet-triplet splitting is evaluated for the simple
acyclic silylene and compared with carbene. In contrast to carbene CH2,
the singlet state of silylene SiH2 is ground state lying 20.408 kcal/mol
higher in energy. Similar to CH2, the substitution of a methyl group on
silylenic center (CH3SiH) increase the singlet-triplet splitting. Substitu-
tion of two methyl groups on silylenic center leads to raise the singlet-
triplet splitting where the singlet state is in ground state. Substitution of
methyl groups on the silylenic center leads to accumulate the positive charge
on silylenic center stabilizing the singlet state and increasing the singlet-
triplet splitting. Decreasing of singlet-triplet splitting from C2H6Si to C6H14Si
is related to increasing the steric effects leading the more stability of
triplet state and thus decreasing singlet-triplet splitting.

REFERENCES

1. P. P. Gaspar, M. Xiao, D.H. Pae, D. J. Berger, T. Haile, T. Chen, D. Lei, W.R.Winchester
and P. Jiang, J. Organomet. Chem., 646, 68 (2002).

2. H. Wang and K. Brezinsky, J. Phys. Chem. A, 102, 1530 (1998).
3. M.Z. Kassaee, B.N. Haerizade and S. Arshadi, J. Mol. Str. (Theochem.), 639, 187

(2003).
4. K. Klinkhammer, Polyhedron, 21, 587 (2002).
5. M. Denk, R. Lennon, R. Hayashi, R. West, A.V. Belyakov, H.P. Verne, A. Haaland, M.

Wagner and N. Metzler, J. Am. Chem. Soc., 116, 2691 (1994).
6. E.A. Carter and W.A. Goddard, J. Chem. Phys., 88, 1752 (1988).
7. S. Khodabandeh and E. A. Carter, J. Phys. Chem., 97, 4360 (1993).
8. N.C. Baird and K.F. Taylor, J. Am. Chem. Soc., 100, 1333 (1978).
9. M.W. Heaven, G.F. Metha and M.A. Buntine, J. Phys. Chem. A, 105, 1185 (2001).
10. M.R. Zachariah and W. Tsang, J. Phys. Chem., 99, 5308 (1995).
11. D.J. Lucas, L.A. Curtiss and J.A. Pople, J. Chem. Phys., 99, 6697 (1993).
12. P. Boudjouk, E. Black and R. Kumarathasan, Organometallics, 10, 2095 (1991).
13. M.S. Gordon and L.A. Pederson, J. Phys. Chem., 94, 5527 (1990).
14. C. Lee, W. Yang and R.G. Parr, Phys. Rev. B, 37, 785 (1988).
15. A.D. Becke, J. Chem. Phys., 98, 5648 (1993).
16. GAUSSIAN 98, Revision A.6, M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria,

M.A. Robb, J.R. Cheeseman, V.G. Znkrzewski, G.A. Montgomery, Jr., R.E. Startmann,
J.C. Burant, S. Dapprich, J.M. Millam, A.D. Daniels, K.N. Kudin, M.C. Strain, O.
Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pamelli, G. Adamo,
S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui, K. Morokoma, D.K.
Malick, A.D. Rubuck, K. Raghavachari, J.B. Foresman, J. Cioslawski, J.V. Oritz, B.B.
Stlefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Comperts, R.L. Martin,
P.J. Fox, T. Keith, M.A. Al-laham, C.Y. Peng, A.N. Akkara, C.G. Gonzales, M.C.
Combe, P.M.W. Gill, B, Johnson, W. Chem, M.W. Wong, J.L. Andres, C. Gonzales,
M. Head-Gordon, E.S. Replogle and J.A. Pople, Gaussian Inc., Pittsburgh, PA (1998).

17. C. Peng, P.Y. Ayala, H.B. Schlegel and M.J. Frisch, J. Comput. Chem., 17, 49 (1996).
18. Y. Apeloig, R. Pauncz, M. Karni, R. West, W. Steiner and D. Chapman, Organometal-

lics, 22, 3250 (2003).

(Received: 27 February 2006;          Accepted: 15 May 2007)           AJC-5665

5006  Vessally et al. Asian J. Chem.


