L ecture 23: Introduction to Valence Bond
Theory
Thematerial in thislecture coversthefollowing in Atkins.

14 Molecular structure
Valence-bond theory
14.1 The hydrogen molecule
(a) The spatial wavefunction
(b) Therole of the electron spin

L ectureon-line
I ntroduction to Valence Bond Theory (Power Point)
Introduction to Valence Bond Theory (PDF)
Handout for thislecture



Valence Bond Theory Basic Theory

We shall now discuss ways to
approximately solve d
N

He (re.RN)W (re.RN) = Ee (RN) W (e,
and represent the many - electron
wave - function y(r.,Ry)

Here

ZaN

He = -’I\-e"'\’\/Ne + \7ee +\~/NN
We shall start with the :

Valence-bond Theory



Valence Bond Theory Basic Theory

In valence bond theory we start
by writing down the Lewis structure
of our molecule
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Subsequently we write y(r.,Ry)
as the product of electron pair Pair 1

functions o, (VZiWair 2
W(re,RN) = @1(ry, i3] X 02(r3,14) X
@ (i1, i) X @ (Fpj_1,T2j) .- X (D\(rzn—l’ fon)

Pair | Pair | il



Valence Bond Theory Basic Theory

We shall now illustrate this simple theory for H, H+H

1 We have two well separated hydrogen /
'B2

atoms A and B
Al each with one electron

A
We can describe hydrogen A We can describe hydrogen B

by 1sya(rap)oi(d); 1sya (ra)B(D) by 1s,g(rg2)a(2); 1sys(1g2)B(2)
AL ADBD O NSOt B2)a(2);B(2)(2)

We now bring the two hydrogens together to form H,
2

1
'B2
A1
A B

B




Valence Bond Theory Basic Theory

The hamiltonian of the
H, molecule is : rAerZ
h° e® 1 R &

H=— "~ Vi_ A
2m ATEG a1 \
5 amiltonian of Hp

__hZ‘@ e’ 1

Hamiltonian of Hg

2Mg - 4me, Iizo
e’ 1 g2 Attraction between el. 1 and H-atom B
4ne, g1 _47t80 'no  Attraction between el. 2 and H-atom B
T e 1 Repulsion between el. 2 and el. 1
4me, Mo ' '
e’ 1 :
4 Repulsion between A and B

4ne, R



Valence Bond Theory Basic Theory

We can thus write the Hamiltonian as 1 r1o 2
2 2 2
1 :
H = ——h V% — —h V% + © +V I’Aer2
2m 2m 4ne, R
A R B
where

e? 1 e? 1 e 1 ge? 1+ezl

V =-— — — _
Ame, fny 4AMEGTpo 4TME,Tpy, 4TE, gy 4TE, I15

Subsequently we write y(r.,Ry)
as the product of electron pair ~ Y(:12,R) = 01(r1,12)
functions ;(ry_q,r»i) as

We shall further write w4(rq,15) as linear

combinations of product between
functions on A and B

A(1)a(1); A(1)B(D) B(2)a(2);B(2)B(2)



Valence Bond Theory Basic Theory

From the functions
AL)o(D;ALBL)  B(2)a(2);B(2)B(2) rAlfBz

We can construct Allowing for interchange of A

the products: the two affords :
A(1)o(D)B(2)o(2)
AQoDBRBR) — @a2BDD

AB(DB(R)a(2) /j\((zz)g’(‘gé%lﬁg)
A(1)B(DB(2)B(2) AB(BDLB)
We have further that
Y (ry, 1, R) = q(rg, 1)
Must be anti symmetric
Y(ry, 1, R) = oq(ry, 1) = —w(rp, 1, R) = —w4(rp,1p)




Valence Bond Theory Basic Theory

From the product functions

A(1)o(DB(2)a(2) A(2)a(2)B(Da(l) - Symmetric in space
A(1)o(DB(2)B(2) A(2)au(2)B(DB(D - anti-symmetric in spin
ALBDB(2)a(2) AR)B(2)B(Ma() <«s525-0: singlet
AL)BDB(2)B(2) A)B(2)BDB(D

wecanconstucttne i ymmers n space
combinations : - Symmetric in spin
&, =[A(L)B(2) +A(L)B(2)] X < S? >=2#%: triplet
[a(DB(2) — B(Dou(2)] £
&, =[A(1)B(2)-A(1)B(2)] x S
[a(DB(2) + B(Do(2)] mg = 1

Mg = —

&3 =[A(1)B(2)-A(1)B(2)]o(Dou(2)
4 =[A(1)B(2)-A(1)B(2)IB(DB(2)



Valence Bond Theory Basic Theory

Singlet Singlet density :
&1 = C1[A(1)B(2) + A(1)B(2)] X 1 1
[(DB(2) ~B(e(2)] Paing() = PATZ) + P8 3
téipletC [A(1)B(2) - A(1)B(2)] 2RSS
2 — L2 — X
[c(DB(2) + BDx(2)] iy APy,
&4 = C4[A()B(2) - A()B(2)BDB(2) @
&3 = C3[A(1)B(2) - A(1)B(2)]ou(Doy(2
G insures normalization positive overlap
Electron density : Density build up between nuclel
p(r) = [ (1.2,.ny(L2,.n)X S =[1s,()lsg(Ddr @D
dr,dr,..dr,dspin
probability of finding el. Overlap between A(l) B(1)

no matter where other el.1s orbitals on A and B
are



Valence Bond Theory Basic Theory

Singlet Triplet density :
&1 = C1[A(1)B(2) + A(1)B(2)] pua @D pus @
[0(DB(2) ~ B(Dx(2) Psing () =" "+
triplet 2A(1)B(

€2 =ColA)BR)-AMBQ)Ix ~ ¢
[0(DB(2) + B(ox(2)]

G4 = Cy[A(1)B(2) - A(1)B(2)IB(DB(2)
&3 = C3[A(1)B(2) - A(1)B(2)]ou(Do(2)
negative overlap density

Density reduced between nuclei



Valence Bond Theory Basic Theory

Singlet : 5

&1 =CIIAWBR)+AWB@)x E=2E,+ " 4 ©

o(DB(2) - B(Do(2)] 1+ S 4me R
Triplet : ,

E2 =ColAM)BQ)-AM)BERIx gl e ,I-K, e

[a(DB(2) +B(Do(2)] 1-S° 4me R
&3 = C3[A(1)B(2) - A(1)B(2)]au(D)ou(2)
Sa = Cy4[A(1)B(2)-A)B(2)IBDB(2)

Energy hydrogen atom

S = [1s, ()1sg (DdT @

Overlap between
A(l) B(1
1s orbitals on A and B @ (1)



Valence Bond Theory

Singlet : 1 ro
J+K  e°
E=2E,+ +
1482 4re R AL
Triplet:
B 2
E=2E,+ ) K2 T
1-S° 4neg, R
2
1= % amA@ tdv,
ey rlB /
Int el.1 with N,
e2
[B(2)B(2) —dv2
TEq o
Int. el.2 with Nuc. A
.
[B(2)B(2) —A(l)A(l)d
MEq 12

elfl with el 2

2Eq

Ey

5 singlet
+- & 4
4TE R 1+ S2

, /Trlplet
L€ . J

H

4me R 1—-S?



Valence Bond Theory Basic Theory

Singlet :

J+K e?
_I_

E=2E,+
71452 4ne R

Triplet :

. 2
E—oE, +°0 4 ©

1-S?  4me R

eZ

JA(DB(D —dv1
TEq B
Int. overlap dens. with Nuc. B

K=  Are K is negative for singlet

since overlap density
positive

62

JA(2)B(2) —de
TEq o
Int. overlap dens with Nuc.

eZ

K enters with opposite
sign for triplet since
overlap density
negative

[A(2)B(2) —A(1)B(1)dv2dv1
Int. overlap dens with itself



Valence Bond Theory Basic Theory

Singlet: Triplet:

E:2EH+

—» [T1

J+K €2 J-K €
+ -
1+S°  4me R = =28 1-52 " Ame R

H  ame — 2
4T€ R E=2F, + J K2+ e
1-S% 4TE R
2EH . _ :
Triplet  Positive overlap density
makes singlet more
2 gtable than triplet
E,+ € 4
4me R 1+s2 L - and separate hydrogen
riple
e2 ] /T atoms
|_|+ + .. .
4me R 1-S2 sl origin of chemical
bond
+ 2
E=2E, + JTK e

1+S% 4TE R



Valence Bond Theory Basic Theory

H-+H
A(1)B(2)

AZ)B(1)

WA AN

A(1}B(2) + A(2)E(1)

Enhanced
electron density

It is very difficult to represent valence-bond
wavefunctions because they refer to two
electrons simultaneously. However, this
illustration is an attempt. The atomic orbital
for electron 1 is represented by the black
contours, and that of electron 2 is
represented by the green contours. The
top illustration represents A(1)B(2), and
the middle illustration represents the
contribution A(2)B(1). When the two
contributions are superimposed, there

is interference between the black
contributions and between the green
contributions, resulting in an enhanced
(two-electron) density in the internuclear
region.



Valence Bond Theory

Calculated

i
1

Energy/ley,

" Observed

he molecular potential energy curve for the
ydrogen mol ecul e showing the variation of
he energy of the molecule as the bond length
s changed. The calculated curve refersto the
alence-bond model.



What you should learn from this lecture
You should know that :
In valence bond theory we start by writing down the
Lewis structure of our molecule Subsequently we
write y(re,Rp) as the product of electron pair functions

0j(72i_1:727) as Y(fe,RN) = 01(71, 72) x 02(73,73) X
.0 (1{_1.72{) X (Dj(”’zj_]_, 7’2]’)-- X0Opn (Mn-1.72n)

You should know that the singlet function

&1 = C1[A(1)B(2) + A(1)B(2)] x [a(D)B(2) — B(Dou(2)]
IS more stable than the triplet (e.i. Co =
C2[A(1)B(2) - A(1)B(2)] x[a(1)B(2) + B(Dor(2)]

You are not asked to derive the expression

for the density of th singlet .

Dein (1) = PHA (1), pHB(D  2A(1B(D)
: 1+ 82 1+ 82 1+ S? _
However, you should know that density

IS Increased in the bonding region and that
contribute to the stability of the singlet




What you should learn from this lecture

You are not asked to derive the expression
for the density of the triplet .

(1) (D) 2A(1)B()
Ptrlp(l) — PHA 2 +pHB 2 o 2
1-S 1-S 1-S o _
However, you should know that density is decreased in

the bonding region and that contribute to the higher
energy of the triplet

You will not be required to derive the energy
expression for the singlet

2
Esing =2EH + ) +K2 + 7 © = and the triplet
1+S TEg
J-K €2

Etri = 2Ey + +

triplet H 1-S2  4negR
However you should know that the (negative) exchange
Integral K is responsible for the lower energy of the singlet.

It Is related to the buildup of charge in the bonding region.



