Answers to the Problems in Chapter 6

Problem 6.1.

Energy levels for 2Li" + 2e, 2Li and Li,.

'y
2LiT + 2e
P 2XILi= 10.78 eV
;/
L
L 0780y
< D,=1.03eV
-
= D,
! Lh  j181ev
zero-point energy = 0.022 eV
-11.83 eV

D, =Dy + 2hv =1.030 + 0.022 = 1.052 eV

Problem 6.2.

I don't think that I can add much useful information about this problem here. It
may be helpful to know that, using the data given, I find f = 8.703x10” cm™'
and v=10536x10""s".

Problem 6.3.
The same is true here. It is simply a case of inserting values into an equation

and plotting.
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Problem 6.4.
The sp” hybrid orbitals are: W, = (1V6){V2¢s — ¢x + V3P
W, = (1V6) {V2¢s — ¢x — V3y}
W3 = (IV3) {0 +V20y}
The individual atomic orbitals are normalised and orthogonal so that, for

example:

Normalisation
S, W dv = (1/6) {20 dodt + JOr dxdt + 30, pydt} = (1/6){2+1+3} = 1.0

Orthogonality
S, Wadt = (1/6) {209 dsdt + [ dxdt —3[dy dydt} = (1/6){2+1-3} = 0.0

Orientation

We envisage the three hybrid orbitals as vectors in the xy-plane formed from
the two orthogonal p orbitals, ¢« and ¢y, and ¢s. Since the s orbital has no
directional properties we need not consider it further. In this vector view, W,
has a component of —V(1/6) along the x axis and +V(3/6) along the y. W, has a
component of —V(1/6) along the x axis and —V(3/6) along the y. See diagram
below. Therefore, & = tan ' {V(3/6)V/(1/6)} = tan '{V3} = 60°. Therefore, the
angle between W, and W, is 2x60° = 120°.

lpl A y
V(3/6)
9\ ¢ R
V(1/6) Y3 x
v,
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Problem 6.5.
The Hamiltonian operator,H in atomic units, and the wavefunction are given
in the question. The normalising constant is calculated in Box 6.1, it is

{2(1+S%)} ”. The expectation value of the energy, E , is:

E_<‘P|H |‘P>_<‘I’||—f | W >
<V |V¥Y> 2+2S°

If we expand W, the numerator of the above expression comprises two terms

A

of the form <¢pa(1)dps(2)|H [pa(1)dps(2)> which we call J' and two of the form
<pa(1)Ps(2)] H |dB(1)$a(2)> which we call K'. These terms differ in that J' has
the same electrons in the same orbitals on either side of the operator whereas

in K' they change over. We evaluate J' as follows:

I'= <oa(DFV I =Urailda(1)>* <¢s(2)/¢n(2)> [E1s]
+ <PB(2)l- Vo™~ 1/r2l¢n(2)>* <pa(1)|pa(1)> [E1s]
+ <¢p(2)|-1/razl¢n(2)>* <dpa(D)|pa(1)> [Q]
+ <ga(DI-1/rpi|dpa(l)> <¢s(2)|9s(2)> [Q]
+ <¢a(D)9B(2)|1/r12 [pa(Dn(2)> [J]
+ <Pa(D)os(2)|1/RAB [Pa(Dr(2)> [1/R]

—2E,+2Q+J+ /R

The integrations above are always over all the electron(s) within the <> sign.

Similarly,
K' = <oa(D)-Vi*=Vrilgp(1)>* <¢n(2)[9a(2)> [S°Ens]t
+ <GB(2)|- Vo~ 1/razlda(2)>* <da(1)|¢pp(1)> [S°E\]
+ <¢B(2)|-1/rg2l¢a(2)>* <dpa(1)|9s(1)> [SQ1]
+ <Qa(DI-1/rarlgs(1)> <¢s(2)|9a(2)> [SQ1]
+ <¢a(1)9B(2)|1/r12 [ps(1)da(2)> [K]
+ <Pa(D)os(2)|1/RAB [0s(1)Pa(2)> [S*R]

=2 S’E;,+2SQ' +K + SR
+S? because <ga(1)|-V1*~1/rpi|pp(1)> = <pa(DIE1|dps(1)> = E1<pa(1)|os(1)>
= ElsS.
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Thus

7'+K' 2Els(1+Sz)+2Q+ZSQ'+J+K 1452 20+2SQ+J+K 1
-~ = > + > =2E1 + > +—

148 148 R(I+8%)  ls 148 R

If the wavefunction is W' = N'{¢pa(1)ps(2)} then N' = 1.0 and
E'=<opa(Dds)H [0a(1)ds(2)> = I' as above.

For the wavefunction W" = N"{<da(1)Pp(2) — ds(1)Ppa(2)} N" = {2(1—82)}7%

and

r

2, Ik 2B 058D 2g-2sQui-K | 1-8°

= = +

1-§° 1-§° 1-S° R(1-S%)
OB 4 2Q—2SQ2+J—K L
Is 1-S R
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Problem 6.6
When the rows and columns of the matrix are combined to form ¢;,
(2 + ¢3)/V2 and (¢, — ¢3)/V2 it takes the following form:

O (P2 T eINV2 (b2 — P32

O o V2P 0
(92 + p3)V2 V2B oty 0
(b2 — d3)V2 0 0 o—Y

One eigenvalue is E; = a—y
The 2x2 matrix gives eigenvalues of E; = [20 + vy + {y* +84%}"]/2
and E; = [2a +y — {y* +8p*} ]2
At the extremes we have:
v=0 Ei=q, E, =a+V2B, E;=a—V2p
vy=p Ei=a-5, E;=a+p, E;=a-2p
Use a spread sheet to construct a diagram correlating these two extremes over
the values indicated in the question.
Since P and y are negative quantities we make the following correspondence
between the experimental data and the theoretical eigenvalues.
Es=[2a+y— {y* +8p°}*)/2 =—4.2¢eV
E,=a-y=40.8¢eV Ex=[2a+y+ {y* +8p*}*]/2 =+3.4 eV

a) With these assignments we have (E; — E3)/(E;— E ) =5.0/2.6 = 2

If we look for this ratio of energy differences on the correlation diagram we
find it in the region of y =3

b) Since f =-10.0 all across the diagram, the ratio y/p =-3/-10= 0.3

c) Ex+Es=2a+y=34-42=-08¢eVandE;=a-y=+0.8eV
Therefore, E; +E; + E3=30.= 0.0 so that, & =— 0.0 eV
E,+E;—2E;=3y=-0.8-1.6=-24, sothat,y=—0.8 eV

v/f =-0.3 and y =— 0.8, therefore, p =— 0.8/0.3 =—2.67 eV

Check

{y> +8B%} " =7.594 eV

E2 = (0.0 — 0.8 + 7.594)/2 = 3.395 eV
E1=0.0+0.8=08¢V

E3 =(0.0— 0.8 —7.594)/2 =—4.195 eV

-6.5-



