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ELECTRONIC WAVE FUNCTION OF METHANE AND
C ‘H BOND ORBITAL
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Abstract—LUsing the delocalized bond orbital method, obtained as a hinear combination of the sp?
hybrid orbitals on the carbon and 15 orbitals on the hydrogens, we have calculated the energy of
methane at the distances 09, 11 and 1 YA as a function of the orbital cxponents A discussion 1y
given of the results in relation to the method of using a monocentric wave function on the carbon
Theenergy at 11 Ass - 40 1222 u and s 1n a rather good agreement with the results obtained by
Mills and recently by Saturno and Parr
The crror with respect to the experimental value (0 3 4 u ) s of the order of the correlation energy

INTRODUCTION

At 1HOUGH the bond between carbon and hvdrogen is quite important in chemastry.
nevertheless we know very hittle about it. The reason that the bond 1s rather peculiar
1s the small size of the hydrogen atom and the short length of the bond. If we look.
for instancc. at the centre of the charge-cloud of the sp? hybrid orbital of the carbon
alonc, we find that it s rather close to the position of the proton in the ¢ H bond.
Of coursc 1n this situation the overlap between such a hvbnd and the atomic orbital
of the hydrogen 1s big and the hybrid itself is already a good approximation to the
bond orbital.

The purpose of the present work 1s to study how well the usual approximation of
the L C.A.Q. mcthod applies to this hind of bond where one of the orbitals has the
greatest role and to see what is the improvement compared with one of the other
methods sometimes used to deseribe 11, 1n which we use only monocentric orbitals on
the carbon.! 3

CALCULATION
In almost all previous work on methanc the delocalized molecular orbital method
has been used with the four valence-shell atomic orbatals of carbon and the four i
orbitals of the hydrogens as basis ¢ *
In this casc the chemical picture of a C- -H bond loses some of 1ts meaning
Therefore, with the specitic purpose of retaining the chemical significance of a bond.
we introduce four localized molecular orbital bond orbitals &, ¢.. &,. é,. onc for
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cach C—H bond, and we write the molecular orbitals of methanc as lincar combina-
tions of these bond orbitals, with the correct symmetry of the tetrahedral group:

1
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®, 15 non-degencrate and of symmetry A; ©,, ®, @, arc degenerate with symmetry
T. and S is the bond orbital overlap fé,4, dr. The total molecular wave function is:

ol B2 D222

where the symbol .o/ denotes an antisymmetrical product. Now cach normalised
bond orbital $ 1s written as a linear combination of a sp* hybrid orbital of the carbon
and the corresponding 1s atomic orbital of a hydrogen:

¢ = N gy

The sp* hybrid orbitals of carbon arc obtained from 2s and 2p Slater orbitals, 1n
which the 25 function is orthogonalized to the 1s,. orbital. In this way all the molecular
orbitals are orthogonal to cach other, cxcept for the non-orthogonality of the Zg
terms 1n P, with the Is.. of carbon: but the latter cffect is neghgable because this
overlap is very small. The cnergy £ associated with the wave function Y715 a function
only of one paramcter 4 (besides the exponents of the atomic orbitals {- and {,,) and
must be minimized with respect to it.

The calculations have been done for three bond lengths (09, 11 and 1-3 A) and
for scveral values of the orbital exponents ¢, and {,, 10 the following ranges:

¢, from | to 2 (The Slater 1solated-atom value s 1:6295)

¢y from 0 to 2 (the 1solated-atom value is 1)
$q, and L, have been taken to be equal.

For the exponent of the carbon orbital 1s,. we have taken the Slater value of §7.

The complete description of the energy surface as a function of {,. and ;, at
R 1.1 Aisgivenin Fig. 1. For the other bond lengths the situation is analogous.

The best bond orbital wave functions at the several distances are the following:

R 09A & :-08682(g. - 03211 ¢,
R. 1A ¢ =08512(g. — 02876 ¢,,)
R -13A & 07664 (g, - 0:4324¢4,)

The corresponding encrgies are reported in Table 1, while in Table 2 we give the
best cnergics and cxponents for monocentric bond orbitals (These arc obtained by
putting 2 0in't’). All the bicentric intcgrals and penetration three-centre integrals
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have becn cvaluated exactly. The other polycentric integrals have been evaluated by
the Mulliken approximation:

4490 = 4 S, 07,7 - 4.7

In this work ¢, and ¢, are cither sp® hybrid orbitals of carbon atom or pure I's atonuc
orbitals of hydrogen atoms,

C
IIII7\r\\\\\

Fi. 1 The cnergy surtacc at B 11 A a3 a function of ;¢ and ¢

The cquilibrium bond length was calculated using the following Morse expression:
E E° . DI ¢ oy
where ko 40-1263 a.u. a 203719A!
D - 063a.u. r, = 10575 A

D s the dissociation energy.? The values for £°, a and #, arc those which satisfy the
calculated energies. The bond length calculated in this way is 1058 A.



174 LuiGy Ocveanrt

DISCUSSION

The cnergy surface regarded as a function of {,- and {,, has the shape of a rather
long and narrow basin in such a way that the encrgy 15 very sensitise to the variations
of {,. and much less sensitive to ;. The bottom of the basin 1s rather flat duc to a
certain compensation between the variations of {,; and 4 in such a way that the cnergy
doces not change very rapidly. Of particular sigmificance 1s the part of the surface
close to §;y  0-2 where the slope 15 great and shows that the improvement of the
bond wave function duc to the contribution of the hydrogen orbital is remarkable.

Tasit | ERERGIES AND ORRITAL $XPONENTS FOR THE
MICENTRIC POND ORBITALS MODEE OF MFTHANE

R(A) {e w Etau)toul
09 159 01} 40036
11 148 0431 40122
13 157 078 40 030

Drawing a linc through the minimum points at scveral values of {,, we have the
linc A—B—C. The part B- C s rather straight with .. constant in agreement with
the fact that the greatest contribution to the bond orbital comes from the sp? hybrid
and therefore is insensitive to the vanations of the hydrogen orbitals. But the part
A—B8 has a certain curvature in such a way that the best g, for the monocentric
orbitals is differcnt from the best (.. in the bond orbitals, being always smaller than
when bond orbitals arc used.

TABIL 2 ERERGIFS AND ORBITAL FXPORENTS 1OR THL
MONOCENTRIC BOND ORBITALS MODEL OF METHANE

R(A) (e £ (au)total
09 1453 39274
10 137% 19 163
1 (IRIL 19 166
12 1264 39327
13 1292 9 2x0

This mcans that when we use monocentric sp® orbitals as bond orbitals, we are
forced to compromise between the desire to place some charge around the H nucleus
and also some other charge at the distance from the C nucleus which s appropriate
to a normal carbon atom. This makes the monocentnic orbitals more ditffuse (smaller
{,) than for a normal carbon atom. However, as soon as we find an alternative way
of placing charge close to the H nucleus, by introducing the term 24, 1n the bond
orbital ¢, the sp* hybrids are free to resume ther normal size. so that - increases.
Al this s very clear from Fig. 1.

1t also shows us why af we insist on using a2 monocentric cxpansion, we can only
expect to get a good energy by introducing considerable configuration interaction.

The values of the encrgy are quite good and arc shghtly better than the recent
values of Saturno and Parr® obtained with a very flexible monocentric wave function



Licctronic wave function of methane and C  H bond orbutal 178

TaBit 3 CAtcUIATED AND EXPFRIMENTAL PNERGIES OF THE
Mt THANE MOLECUL}

R(A) Fu)
This work 11 40122
Mills? 1 0S8 40 06
Saturno and Parr? 1 058 39 804
Experimental 1 094(*) 40 S22(t)

* From Thomas and Welsh ¢
t Thissalue, according A F Saturno and R (. Parr, assumes
the heat of sublimation of carbon to be 169 S8 kcal/mole.

{Table 3). Howcver. the difference 15 small and we cannot say whether 1t s due to a
better wave function or to the use of Mulliken’s approximations in the evaluation of
the polycentnic integrals. The difference with the experimental value is small (0-4 a.u.)
and 1s of the order of the correlation energy
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