Semi-emprical Molecular Orbital Calculation on HF

Calculate the wavefunctions and energies of the o orbitals in the HF molecule, taking § =-1.0 eV. The values
of the Coulomb integrals o, and o.. are taken as the negatives of the orbital ionization energies of the atoms.

The molecular orbital is formed as a linear combination of the valence orbitals of H and F.
¥ = C\¥, + C¥ )
where
W, = 1s(th) and ¥; = 2p,(f) )
The variational integral for this calculation is,

o0
J (Ch'\ljh + Cf\Pf)H(Ch\Ph + Cf'\Pf) dt

£=20 €)

o0
J (Ch-qjh + Cf'le)Z dt
0

Minimization of the variational energy integral simultaneously with respect to C,, and C; yields two linear
homogeneous equations (see McQuarrie and Simon, section 7-2, for details).

Cpl Hnn - ESpp] + Ci[Hy - ESpg =0
Chl Hpr - ESpd + CilHg - ESg] =0 (4)

where the integrals and their parameterizations are presented below.

0 0
2
Hhh = J "Ph~H-lPh dr = ap = -13.6 Shh = ‘[ \Ph dr =1
0 0
0 a0
2
Hﬁ = J q’f'H"Pde =0of= -18.6 Sff = \Pf dr =1
0 0
0 0
th = J "Ph~H"’Pfd’l: = [3 =-1 Shf = J lPh'\Pde =0
0 0

In matrix form equations (4) can be written as,

@)

or, as an eigenvalue equation,



Mathcad can now be used to find the eigenvalues and eigenvectors of (6). First we must give it the values for all
the parameters.

of:= —18.6 o= —-13.6 B=-1

Define the variational matrix shown on the left side of equation (6):
ap B
H:=
B oog

E := sort(eigenvals(H)) E.=-18.79 E1 =-13.41

Find the eigenvalues:

Now find the eigenvectors:

—
. . i 0.19 2 0.04
The bonding MO is: Yy = elgenvec(H,EO) o= 0 o) = | 0
—
. . . i -0.98 2 0.96
The anti-bonding MO is: Y, i= elgenvec(H, El) Ya=| 110 Ya)=| oo

Squaring the coefficients of the wavefunction we find that an electron in the bonding molecular orbital spends 96%
of its time on the flourine atom and 4% of its time on the hydrogen atom. Because flourine has a kernel charge
(nuclear charge minus two non-valence electrons) of +7 and gets credit, according to the appended MO diagram
for six non-bonding electrons, plus 96% of the two bonding electrons, the net charge on flourine can be shown to
be -.92. This value indicates that the H-F bond is quite polar, which is consistent with the high electronegativity of
the flourine atom.

On the Pauling scale the electronegativities of H and F are 2.1 and 4.0, respectively. The partial charge on H is
calculated as: nuclear charge - non-valence electrons - unshared valence electrons - bonding electrons times y,,/(x,,

+%0)- As shown below these formal charge calculations do not give fluorine such a high negative charge.

Zy=1 Zg=9 xH=21 =40

1 1
i Sy = 0.31 Sp=9-2-6-2—"

XH+ XF XHT XF

Sy:=1-0-0-2. 8 = —0.31

Mathcad offers another way of performing the variational calculation. The variational integral given in equation (3)
can also be written in the following form in which the integrals have been replaced by the experimental parameters
used to replace them.

Ch2~och + sz'(lf + 2CthB

()
2 2
Ch + Cf + 2'Ch'Cf'Shf

This expression can be minimized simultaneously with respect to C, and C; in a Given/Find solve block. Asis

usually the case, Mathcad requires seed values or actual values for all the variables that appear in the solve block.
There are two solutions, the ground state and the excited state. That is, the bonding molecular orbital and the
anti-bonding molecular orbital. Within the solve block we have the equation for the energy, its first derivative with
respect to C,, and C; each set equal to zero, and the normalization requirement. To find the ground state we chose

initial values of the coefficients that favor the flourine 2p, orbital.



Ch =01 Cfl

Il
©

o= —-13.6 of:= —18.6 B:=-1 Shf = E:=-10

Given

£ ChZ'OLh + Cf2~OLf + ZCthB d Ch2~(lh + CfZ'OLf + 2CthB 0

dcy,

Ch2 + Cf2 + 2'Ch'Cf'Shf Ch2 + sz + 2'Ch'Cf'Shf

d Ch2~OLh + CfZ'OLf + 2CthB —0o
dc,

Ch2 + sz + 2~Ch'Cf'Shf =1
Ch2 + Cf2 + 2'Ch'cf'Shf

Given these constraints, we ask Mathcad to find a solution. The solution yields wavefunction coefficients and the
ground-state energy.

0.19
Find(Ch,Cr,E) = | 0.98
~18.79

To find the anti-bonding state, we choose initial coefficients that favor the hydrogen 1s orbital.
Ch=29 Cs=01 o= —-13.6 of:= —18.6 B:=-1 Shi:=10 E:=-10
Given

ChZ'OLh + Cf2~OLf + ZCthB

dcy,

d Ch2~(lh + CfZ'OLf+ 2CthB —0o

Ch2 + Cf2 + 2'Ch'Cf'Shf Ch2 + sz + 2'Ch'Cf'Shf

d Ch2~OLh + CfZ'OLf + 2CthB 0

Ch2 + sz + 2~Ch'Cf'Shf =1
dcy

Ch2 + Cf2 + 2'Ch'cf'Shf
Given these constraints, we ask Mathcad to find a solution.

0.98
Find(Ch,Cr.E) = | -0.19
-13.41
There is yet another way that Mathcad can do this calculation that requires that the symbolic processor be loaded.

Equation (5) in matrix form has a non-trivial solution only if the determinant of the coefficient matrix is equal to
zero.

ap-E B . 2 2
has determinant apaf— opE—-Eaf+E - B
B Oof— E

which has solution(s)
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_.a —.a —_— a — .a .a (X/ .

o TN T N AR (—13.41)
1 1 1 [ 2 2 2| \-1879
E'ah + E'af— E'\/ah - 2-apos+ oy +4-B

Find the bonding molecular orbital:

E .= -18.793

. 2 2 i 0.19
Given  (ap—E)Ch+B-Ce=0 and  Cp~+ Cf +2:CpCeSpr =1 Find(Cp, Cy) = 008
Find the anti-bonding molecular orbital:
E = -13.407

: 2 2 . 0.98
Given  (ap—E)Ch+B-Ce=0 and  Cp~+ Cf +2:CpCeSpr =1 Find(Cp, Cy) = 019
The molecular orbital calculation can be summarized graphically as shown below.

136 eV
186 eV

Reference: See page 428 of Atkins and de Paula, Physical Chemistry, 7th edition.



