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B3LYP/6-31G*-B3LYP/3-21G,* and B3LYP/LANL2DZ**-based density func-
tional theory (DFT) methods were used to investigate the ground-state struc-
tural and configurational properties of ethene (1), silaethene (2), germaethene
(3), and stannaethene (4). All three methods showed that the ground-state
structure of compounds 1-4 is planar. The results confirmed that the 7= bond
energies (rotational barriers) are decreased from compound 1 to 4. The double-
bond rotation energy profiles show the existence of plane symmetrical interme-
diates, due to the pyramidalization at the silicon, germanium, and tin center
in compounds 2-4, respectively. Based on the B3LYP/6-31G*, B3LYP/3-21G*
and B3LYP/LANL2DZ** optimized ground state geometries, the Natural Bond
Orbital (NBO) analysis of donor-acceptor (bond-antibond) interactions revealed
that the stabilization energies associated with the electronic delocalization from
op—p bonding orbitals to n*c—py antibonding orbitals increase from compounds
1 to 4. Also, the donor-acceptor interactions, as obtained from NBO analysis,
could fairly explain the decrease of occupancies of op—_g bonding orbital and
the increase of occupancies of mw*c—py antibonding orbitals from compounds 1 to
4. Also, the NBO results showed that by increase of mc=y —> o*)_p resonance
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energy in compounds 1-4, the mc—py bonding orbital occupancies decrease,
while the o*p_pgantibonding orbital occupancies increase. The results confirmed
that by increase of oy—g — 7w*c=ym and also mc—p — o*p—p resonance energies,
the m bond energies (rotational barriers) decrease from compounds 1 to 4. It has
to be noted that the energy gap between wc—p bonding and w*c—p antibonding
orbitals decreased from compounds 1 to 4.

Keywords Ab initio; density functional theory; germaethene; Natural Bond Orbital; =
bond energies; silaethene; stannaethene

INTRODUCTION

In most alkenes, the two double-bonded carbon atoms and their at-
tached ligands are coplanar. It is well known that accepted orbital de-
scription involves sp2 hybridized carbon atoms for the C—C o bond,
linked to a 7 bond (p,-p.), formed by lateral overlap of the remain-
ing p orbitals.! Double-bond energies are often divided into o and 7
contributions, although directly measuring these quantities is impossi-
ble. However, ab initio methods afford an excellent way to assess these
quantities. The C=C = bond in ethane is probably the most experimen-
tally and theoretically investigated = bond.2~®> A number of published
papers have indicated that the triplet state and the rotated singlet
state (which is usually referred to as the N state) represent a violation
of Hund’s rule.’® In accordance with Hund’s rule, the two unpaired
7 electrons should give the triplet ground state. It has to be noted
that based on MCSCF/3-21G*, MCSCF/6-31G*, and SOCI/6-31G* cal-
culations, Schmidt et al.> have reported that Hund’s rule is violated
in the rotation of C=C bond (e.g., a singlet structure lies below the
rotational maxima on the triplet surface). Usually, the triplet struc-
tures lie 1-3 kcal mol~! mol below the rotational maxima on the single
surface.®

Effectively, BSLYP/6-31G*, B3LYP/3-21G*, and B3LYP/LANL2DZ**
calculations performed in this work revealed that the energy val-
ues of transition states (TS) geometries for compounds 1-4 (with
triplet spin multiplicity) were found to be lower than to those ob-
tained with singlet spin multiplicity. It is interesting to note that
for compounds 1-2, the obtained B3LYP/6-31G*, B3LYP/3-21G¥,
and B3LYP/LANL2DZ** results (with triplet spin multiplicities)
were also closer to the reported experimental data.!®~!! Therefore,
this fact is in accordance with Hund’s rule, which would predict
that the triplet is below the rotated singlet state, as shown in
Figure 1. Also, a number ab initio (SCF,'213 CI,'* MCSCF,¢ 1516
GVB*711) calculations have been performed to study the planar
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rotation around C=C double bond

FIGURE 1 Potential energy surface profile of C=C double bond rotation with
singlet and triplet states.

singlet and twisted triplet structures for ethene, silaethene, disilene,
and their derivatives and isomers.

Note that there are not any reported data that show, particularly,
the quantitative relationship between oy_yg — 7*c—m and also rc—y —
o *M_pg resonance energies and 7 bond energies (rotational barriers) in
compounds 1-4 (see Scheme 1).

F
Ha Hg Hg Hp Hg
\C— —_ Halln,,.._O _d\ﬂé e \C:ﬂ\/l
H
Hb/ He ° @ \Hc Ha/ He

M=C (1), Si (2), Ge (3), Sn (4)
SCHEME 1

In this work, the stabilization energies (Ey) associated with oy g —
7*c=—ym and also rc—m — o *p_pg delocalizations in compounds 1-4 were
systematically and quantitatively investigated by the Natural Bond
Orbital (NBO) analysis.!”!® Using the GAUSSIAN 98 package of
programs, the ground-state and transition-state structures of com-
pounds 1-4 (see Scheme 1) have been optimized by the Density Func-
tional Theory (DFT) based method at B3LYP/6-31G*, B3LYP/3-21G*,
and B3LYP/LANL2DZ** levels of theory.!%23 The B3LYP functional
method combines Becke’s three-parameter exchange function with the
correlation function of Becke?? and Lee et al.?!
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COMPUTATIONAL DETAILS

DFT calculations were carried out using B3LYP/6-31G*, B3LYP/3-
21G*, and BSLYP/LANL2DZ** levels of theory with the GAUSSIAN
98 package of programs!® implemented on a Pentium—PC computer
with 1.7 GHz processor. Basis sets for atoms beyond the third row of
the periodic table are usually handled somewhat differently. For these
very large nuclei, electrons near the nucleus are treated in an approxi-
mate way, via Effective Core Potentials (ECPs). This treatment includes
some relativistic effects, which are important in these atoms. For this
purpose, the LANL2DZ is known to be one of the best of these basis
sets.!? It should be noted that, for all first row elements, the all-electron
D95 double-zeta basis set (without ECP) is used in LANL2DZ. There-
fore, in addition to BSLYP/6-31G* and B3LYP/3-21G* methods and in
order to compare the effect of all-electron with pseudopotential basis
sets, BBLYP/LANL2DZ** method was also used for the investigation
of the configurational properties of compounds 1-4. The MASSAGE
keyword was further used in order to add an additional uncontracted
polarization basis function to the LANL2DZ basis set for H, C, Si, Ge,
and Sn atoms. The results obtained by BSLYP/6-31G* method concern-
ing the configurational properties in compounds 1-3 were also com-
pared at B3LYP/3-21G* and BSLYP/LANL2DZ** levels of theory. Ini-
tial estimation of the structural geometries of compounds 1-4 was ob-
tained by a molecular mechanic program PCMODEL (88.0),2* and for
further optimization of geometries, PM3 method of MOPAC 7.0 com-
puter program was used.??26 GAUSSIAN 98 program was finally used
to perform DFT calculations at the B3LYP/6-31G* and B3LYP/3-21G*
levels for compounds 1-3 and also BSLYP/LANL2DZ** level for com-
pounds 1-4. Energy minimum molecular geometries were located by
minimizing energy, with respect to all geometrical coordinates with-
out imposing any symmetrical constraints. The nature of the station-
ary points for compounds 1-4 has been fixed by means of the num-
ber of imaginary frequencies. For minimum state structures, only real
frequency values, and in the transition-state, only single imaginary
frequency value, were accepted.?” Molecular transition state geome-
try structures were located by using the optimized geometry of the
equilibrium molecular structures according to the procedure of Dewar
et al. (keyword SADDLE).?® These geometry structures were then re-
optimized by QST3 option. The vibrational frequency of ground states
and transition states were calculated by FREQ subroutine. For further
optimization of the transition state structure, intrinsic reaction coor-
dinate subroutine was also used. NBO analysis was then performed
using B3LYP/6-31G*, B3LYP/3-21G*, and B3LYP/LANL2DZ** levels
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FIGURE 2 Schematic representation of delocalization between oy g — 7*y—c
and wy—c— o*y_g bonding and antibonding orbitals.

by the NBO 3.1 program!”-!® included in the GAUSSIAN 98 package of
programs.

RESULTS AND DISCUSSION

Corrected Zero Point (ZPE°®) and total electronic (E,) energies (E, =
E.+ ZPE*) for various conformations of compounds 1-3, as calculated
by the DFT-based method (B3LYP/6-31G* levels of theory) are given
in Tables I. Table II shows the calculated Zero Point (ZPE) and total
electronic (E,)) energies (E, = Eq+ ZPE) by B3LYP/3-21G* for various
conformations of compounds 1-3, and in Table III, the corresponding
values for compounds 1-4, as calculated by and BSLYP/LANL2DZ**
method, are given. Also, NBO analysis was performed to calculate the
om-g bonding orbital and 7*c_y antibonding orbital occupancies for
compounds 1-4 (M=C (1), Si (2), Ge (3) and Sn (4)), the resonance en-
ergies (Fg) associated with oy_g — m¥c—m.mc=m — o *m_nu delocaliza-
tions (see Figures 2 and 3), and the energy gap between n¢—y bonding
and 7 *c_ym antibonding orbitals (see Tables IV-VI).

Cooc@

; 89w

FIGURE 3 Schematic representation of stabilization energy (resonance en-
ergy) (Es) from donor to acceptor for bonding and antibonding orbitals.
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TABLE IV Calculated Bonding and Antibonding
Orbital Occupancies, Stabilization (E;), and Energy
Gaps for the Ground State Geometries of
Compounds 1-3, Using NBO Analysis Based on the
Optimized Structures by BSLYP/3-21G* Level

of Theory
Compound 1 2 3
Occupancies
TC=M 1.99474 1.98972 1.98034
T*C=M 0.00632 0.01714 0.03207
OM-H 1.98800 1.97979 1.96849
O*M_H 0.00938 0.02198 0.03104
Stabilization Energies (Donor — Acceptor)
oM-H —> T¥o=M 1.52 3.76 7.31
TC=M — O‘*M_H 1.20 2.01 4.53
Energy Gaps
To=M—0 *M_H 1.22225 0.84128 0.78202
To=M—T *c=M 1.43138 0.88641 0.81699
OM-H —> 0*M_H 0.98834 0.71485 0.63211

B3LYP/6-31G* results show that the double bond rotational barriers
for compounds 1-3 are 60.49, 39.11, and 37.27 kcal mol~!, respectively.
Also, based on B3LYP/3-21G* results, the required energies for the dou-
ble bond rotations in compounds 1-3 are 62.33, 40.20, and 36.61 kcal

TABLE V Calculated Bonding and Antibonding
Orbital Occupancies, Stabilization (E;), and Energy
Gaps for the Ground State Geometries of
Compounds 1-3, Using NBO Analysis Based on the
Optimized Structures by BSLYP/6-31G* Level

of Theory.
Compound 1 2 3
Occupancies
TC=M 1.99651 1.99115 1.98343
THC=M 0.00402 0.01465 0.02885
OM_H 1.98721 1.98128 1.97181
O*M_H 0.00970 0.01915 0.02730
Stabilization Energies (Donor — Acceptor)
OM_H —> T¥*c=M 0.96 3.17 6.07
TC=M — O F*M_H 0.94 1.68 3.94
Energy Gaps
TC=M—0 *M-H 1.21747 0.85213 0.81125
To=M—T ¥c=M 1.41434 0.90163 0.84874

OM-H—0 *M_H 0.99749 0.70436 0.66071
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mol-1, respectively. The calculated energy barriers by BSLYP/6-31G*
B3LYP/3-21G* levels of theory for compounds 1 and 2 are in good agree-
ment with the previously reported experimental data.1%!!

Also, BSLYP/LANL2DZ** results show that the double bond rota-
tional barriers for compounds 1-4 are 59.02, 58.49, 47.34, and 37.32
kcal mol 1, respectively. The decrease of double bond rotational barriers
from compound 1 to 4, as calculated by BSLYP/6-31G*, BSLYP/3-21G*,
and B3LYP/LANL2DZ** levels of theory, are in good agreement with
reported experimental'®!! and theoretical results.6-16

Effectively, based on BSLYP/LANL2DZ** optimized structures, NBO
analysis of donor-acceptor interactions showed that the resonance en-
ergy for oy_y— 7*c—m delocalizations in compounds 1-4 are 0.66, 1.94,
5.09, and 6.59 kcal mol~!, respectively (see Table VI). Also, based on
the B3LYP/6-31G* optimized ground state geometries, the NBO anal-
ysis showed that oy _p— 7*c—m resonance energies for compounds
1-3 are 0.96, 3.17, and 6.07 kcal mol~!, respectively (see Table V).
The opm_g— m*c—m resonance energies for compounds 1-3 are 1.52,
3.76, and 7.31 kcal mol~1, respectively, as obtained from NBO anal-
ysis, based on the B3LYP/3-21G* optimized ground state geometries
(see Table IV). Based on the B3LYP/3-21G* optimized ground state ge-
ometries for compounds 1-3, the NBO results showed, as well, that
oM_H— 7 ¥o_M resonance energies, are greater than those in B3LYP/6-
31G* and BSLYP/LANL2DZ** optimized geometries (see Tables IV-VI).

TABLE VI Calculated Bonding and Antibonding
Orbital Occupancies, Stabilization Energies (E;),
and Energy Gaps for the Ground State Geometries
of Compounds 1-4, Using NBO Analysis Based on
the Optimized Structures by BSLYP/LANL2DZ**

Level of Theory
Compound 1 2 3 4
Occupancies
TC=M 1.99760 1.99585 1.98968 1.98228
T*C=M 0.00254 0.00625 0.01600 0.02615
OM-H 1.98480 1.98450 1.97539 1.96707
O*M_H 0.01173  0.01494 0.02185 0.02615
Stabilization Energies (Donor — Acceptor)
oMm_g —~> 7w¥c—m 0.66 1.94 5.09 6.59
To=M — O FM_H 0.67 0.93 1.78 2.73
Energy Gaps
To=M — 0 *M-H 1.24696 0.85369 0.75798 0.62752
TC=M — T¥C=M 1.37671 1.12622 0.98022 0.78096

OM-H — 0 *M-H 1.02506 0.71494 0.63883 0.53104
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FIGURE 4 Calculated double bond rotational energy barrier (AE,, in kcal
mol 1) for compounds 1-4, plotted as a function of Es (oyu — 7*M—c)-

The results revealed that by the increase of op_y— 7*c—m, 7 bond ro-
tation barrier heights (AE{V?) decrease from compound 1 to compound
4 (see Figures 4 and 5 and Tables I-III and IV-VI).

On the other hand, based on BSLYP/LANL2DZ** optimized struc-
tures, the NBO analysis of donor-acceptor interactions showed that the
resonance energy for 7 c_y— o *m_u delocalizations in compounds 1-4
are 0.67, 0.93, 1.78, and 2.73 kcal mol !, respectively (see Table VI).
Also, based on the B3LYP/6-31G* optimized ground state geometries,
the NBO analysis showed that the 7¢c_y— o*w_p resonance energies
for compounds 1-3 are 0.94, 1.68, and 3.94 kcal mol~!, respectively (see
Table V). The 7mc—ym— o*M_u resonance energies for compounds 1-3
are 1.20, 2.01, and 4.53 kcal mol !, respectively, as obtained from NBO
analysis, based on the B3SLYP/3-21G* optimized ground state geome-
tries (see Table IV). Similar to oy_g— 7 *c—m delocalizations, based on
the B3LYP/3-21G* optimized ground state geometries, the NBO results
showed that the 7w c_y— o™\_g resonance energies for compounds 1-3
are greater than those in B3LYP/6-31G* and BSLYP/LANL2DZ** op-
timized geometries (see Tables IV-VI). The results revealed that by an
increase of 7c_y— o*)_n, the 7 bond rotation barrier heights (A E?P)
decrease from compound 1 to compound 4 (see Figures 5 and 6 and
Tables I-III and IV-VI). NBO results showed also that by increase
of the op_y— 7¥c—m and mc_pm— o*M_u resonance energies in com-
pounds 1-4, the oy_g and 7 ¢—p bonding orbital occupancies decrease,
while the o*y_g and 7*c_y antibonding orbital occupancies increase
(see Figures 7-10 and Tables IV-VI).
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FIGURE 6 Calculated double bond rotational energy barrier (AE,, in kcal
mol~!) for compounds 1-4, plotted as a function of E; (wy—c — 0 %M_p)-

Based on the BSLYP/LANL2DZ** optimized ground state geome-
tries, the NBO results showed, as well, that the oy _g bonding or-
bital occupancies in compounds 1-4 are 1.98480, 1.98450, 1.97539, and
1.96707, respectively, while the o *y;_g antibonding orbital occupancies
in compounds 1-4 are 0.01173, 0.01494, 0.02185, and 0.02615, respec-
tively (see Table VI). The wc—m bonding orbital occupancies in com-
pounds 1-4 are 1.99760, 1.99585, 1.98968, and 1.98228, respectively,
while the 7 *c_pn antibonding orbital occupancies in compounds 1-4 are

63

58

53 r

AE,

48 +

43 -

38 °

33 I L L 4,
0.0075 0.0125 0.0175 0.0225 0.0275

O#*yy (occupancy)

FIGURE 7 Calculated double bond rotational energy barrier (AE,, in kcal
mol~!) for compounds 1-4, plotted as a function of o *\_y occupancy.
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63

AE,

43+

33
1.966 1.971 1.976 1.981 1.986
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FIGURE 8 Calculated double bond rotational energy barrier (AE,, in kcal
mol ') for compounds 1-4, plotted as a function of o_i occupancy.

0.00254, 0.00625, 0.01600, and 0.02615, respectively, as obtained by
NBO analysis based on the BSLYP/LANL2DZ** optimized ground state
geometries (see Table VI). Using B3LYP/6-31G* and B3LYP/3-21G* lev-
els of theory, similar trends are obtained for the increase of o *)_g and
7*c—m and also for the decrease of oy and 7 ¢c—ym occupancies for com-
pounds 1-3. The results revealed also that by the increase of o *);_ and
7*c—m and also by the decrease of o _g and 7w ¢—p occupancies, the 7
bond rotation, barrier heights (AE,) decrease from compound 1 to 4
(see Figures 7-10). It can be concluded that by the decrease of oy _y

53+

43 ¢

33 1 L 1 L
0 0.005 0.01 0015 0.02 0.025 0.03

7" yic(occupancy)

FIGURE 9 Calculated double bond rotational energy barrier (AE,, in kcal
mol~!) for compounds 1-4, plotted as a function of 7 *\c occupancy.
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FIGURE 10 Calculated double bond rotational energy barrier (AE,, in kcal
mol 1) for compounds 1-4, plotted as a function of 7y occupancy.

and 7w c_y bonding and the increase of o *y_g and 7*c_y antibonding
orbital occupancies in compounds 1-4, the strength of the C=M double
bonds decrease. This fact could fairly explain the increase of the C=M
bond length from compound 1 to 4 (see Tables VII-IX). The results sug-
gest also that in compounds 1-4, the 7= bond rotation barrier heights are
controlled by op—g— 7*c_m and mc—ym— o *M_g resonance energies. It
can be seen that by the increase of oy _g— 7*c—m and 7c—y— o¥M_u
delocalizations, the = bond rotation could take place more easily from
compound 4 to 1, respectively (see Figures 4 and 6). Therefore, the =
bond rotation process in compound 4 is faster than in 3, in compound
3 it is faster than in compound 2, and also in compound 2 it is faster
than in compound 1.

Representative structural parameters for compounds 1-3, as calcu-
lated by B3LYP/3-1G* and B3LYP/6-31G* levels of theory, are given
in Tables VII and VIII, respectively, and BSLYP/LANL2DZ** calcu-
lated structural parameters for compounds 1-4 are given in Table IX.
B3LYP/6-31G* results showed that the C=M double bond length values
in compounds 1-3 are 1.331, 1.710, and 1.776 A, respectively, while the
C=M double bond length values in compounds 1-4, as calculated by
B3LYP/LANL2DZ** level of theory, are 1.339, 1.695, 1.784, and 1.955
A (see Table IX), respectively. It also has to be noted that, as the M=C
(M=C (1), Si (2), Ge (3), and Sn(4)) double bond lengths increase (see
Tables VII-IX), the barrier heights for 7 bond rotation (AE(()Da) decrease
(see Tables I-III).
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It has to be noted that for compounds 2-4, all used methods
(B3LYP/6-31G*, B3LYP/3-21G*, and BSLYP/LANL2DZ**) show the ex-
istence of plane symmetrical intermediates in their double bond rota-
tion energy profiles due to the pyramidalization at the silicon, germa-
nium, and tin center, respectively (see Figure 5). These plane symmet-
rical intermediates for compounds 2-3 are found to be higher in energy
than their ground state structures about 32.75 and 30.30 kcal mol~!, as
calculated by B3LYP/6-31G* method. Also, BSLYP/3-21G* results show
that the corresponding energy value for the plane symmetrical inter-
mediate for compounds 2-3 are found to be 33.82 and 28.77 kcal mol !
higher in energy (than their ground state structures), respectively. Fur-
ther, the corresponding energy value for the plane symmetrical inter-
mediate for compound 4 (e.g., tin center pyramidalization) is found to be
26.89 kcal mol~! higher in energy, as calculated by BSLYP/LANL2DZ**
level of theory.

CONCLUSION

NBO analysis and DFT methods used in this work provided a use-
ful picture, both from bonding and configurational properties for com-
pounds 1-4. B3LYP/6-31G*, B3LYP/3-21G*, and BSLYP/LANL2DZ**
results showed that the ground state structure of compounds 14 is
planar, and the = bond energies (rotational barriers) decrease from
compound 1 to 4. The double bond rotation energy profiles showed
the existence of plane symmetrical intermediates, due to the pyra-
midalization at the silicon, germanium, and tin center in compounds
2-4, respectively. All used methods (B3LYP/6-31G*, B3LYP/3-21G*,
and B3LYP/LANL2DZ**) showed that these plane symmetrical in-
termediates for compounds 2-4 are about 26-34 kcal mol~! higher
in energy than their ground state structures. Based on the opti-
mized ground state geometries using B3LYP/6-31G*, B3LYP/3-21G*,
and BSLYP/LANL2DZ** methods, the NBO analysis of donor-acceptor
(bond-antibond) interactions revealed that the stabilization energies
associated with the electronic delocalization from oy g bonding or-
bitals to 7*c_y antibonding orbitals increase from compounds 1 to
4. The donor-acceptor interactions, as obtained from NBO analysis,
could fairly explain the decrease of occupancies of oy _y bonding or-
bital and the increase of occupancies of 7*c_y antibonding orbitals
from compounds 1 to 4. Further, the NBO results showed that by
increase of mc—y — o*M_g resonance energy in compounds 1-4, the
mc—m bonding orbital occupancies decrease, while o*y_g antibonding
orbital occupancies increase. The results revealed that by the increase of
om-H — 7w¥c=m and also mg—y — o *p_pg resonance energies, the 7 bond
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energies (rotational barriers) decrease from compounds 1 to 4. It has to
be noted that the energy gap between mc_y bonding and 7*c_y anti-
bonding orbitals decrease from compounds 1 to 4. The decrease of en-
ergy gap between wc_y bonding and 7 *c_y antibonding orbitals could
explain the decrease of 7 bond energies (rotational barrier energies).
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