Lecture32: The Huckel Method
Thematerial in thislecture coversthefollowing in Atkins.

14.0 The Huckel approximation
(@) The secular deter minant
(b) Ethene and frontier orbitals
(c) Butadiene and p-electron binding energy
(d) benzene and aromatic stability

L ectureon-line
Huckel Theory (Power Point)
Huckel Theory (PDF)

Handout for thislecture



The Huckel method

The HlUckel approximation
can be used for conjugated
molecules in which there is an
alternation of single and
double bonds along a chain

One example is the
conjugated m-systems

A~ ||

Butadiene

Cyclo-Butadiene

alyl cation

ON

Benzene

Conjugated systems

We shall also use it
for the m-bond In
ethylene

CoHy



Molecular orbital theory

In molecular orbital This leads to the
theory we write our set of homogeneous
orbitals as linear equations:
combinations of atomic
orbitals : K=n

- ¥ Ck Hik —WSijk| =0
v () = X Cixi() k=1

=1 i=1.2...n.

We next require that the
corresponding orbital
energies

W(CLCZ’--Cn): JWk(l)H\deV | L
Jwk vk @dv [Hix = WSj| =0
be optimal with respect 1=12,..,n k=12,..,n
to {C1,C»o,..Cp}
oW _ In order to obtain
ol S—Ci:O; I=1,..n non -trivial solutions

For which the
secular determinant
must be zero




The Hiuckel method Conjugated systems

_ For ethylene we have
We are going to use as our two p,; orbitals

atomic orbitals a single p
function on each
carbon atom.

For butadiene we have
four p, orbitals

The p orbital is

the p - function

perpendicular to

the molecular plane B D



The Huckel method Ethylene

For ethylene we have
two p orbitals

ph p>

For ethylene we can
use linear variation
theory to obtain a set
of linear homogeneous
equations

K=n

klek\Hik - WSijk|=0

1=1,2 andn=1,2

Non - trivial solutions
are only possible if

the secular determinant
IS Zero

Hi1—-E Hi2-ES1o| _
Ho1-ES21 H11-E

Each of the two roots W = E;
|=1,2 can be substituted

Into the set of linear equations
to obtain orbital coefficients

0

k=n
y' =¥ Cipk
k=1
k=1,2:1=1,2



The Hluckel method Butadiene

For butadiene we have
four p, orbitals

B D
A Pr c Pr
Pr Pr

For butadiene we can
use linear variation
theory to obtain a set
of linear homogeneous
equations

k=n
> Ck|Hik —WSjk|=0
k=1

1=1,4 andn=1,4



The Hluckel method Butadiene

Non -trivial solutions
are only possible if

the secular determinant
IS Zero

Hi1—-E  Hi2-ES12 H13-ES13 H14-ESq4g
H1-ES2q Hop —E  Hp3-ESp3 Hoyp -ESog

=0
H31-ES31 H32-ES32 H3z3-E H3z4-ES3g
Hp1-ES41 Ha2 -ESgp Ha3-ES43 Hyg -E
Each of the two roots W = E; o k=n o
i =1,4 can be substituted v'=3 CPr
Into the set of linear equations k=1

to obtain orbital coefficients _
k=1,4:1=1,4



The Huckel method

The Huckel approximation
1. all overlaps are setto zero S jj=0

Hi1-E Hi2-ES12/ _ ‘Hll—E Hi2/ _ 4
H21-ESp1 Hip-E Hp1  Hip-E

Hi1—-E  Hi2-ES12H13-ES13 Hia-ES14

Ho1-ES21 Hpp —E  H23-ESp3 Hpg -ESpy
H31-ES31 H32 -ES32 H3z —E H34 -ES34
Hp1-ES41 Ha2 -ESgp Ha3-ES43 Hyg -E

Hi1—E  Hi2 H13 Hi4
H21 Hpo —E  Hag H24| _
H31 H32 H33 -E H34
Ha1 Hyo Hy3 Ha4




The Hickel method
The Huckel approximation

1. All overlaps are set to zero S ;=0

2. All diagonal terms are set equal to
Coulomb integral «

Hi1—-E le‘zo ‘OC—E le‘zo
Hoq Hi1—E Hoq o—E
Hi1—-E  Hjpp Hi3 H1i4
H21 Hpo —E  Hag H24| _
H31 H32 H33 -E H34
Ha1 Hy2 Ha3 Hy4
a-E  Hjo H13 Hi4
H21 o-E H23 Hoa | _
H31 H32 a-E H34
Ha1 Hg2 Ha3 o-E



. The Hiickel method
The Huckel approximation

1. All overlaps are set to zero S ;=0
2. All diagonal terms are set equal to

Coulomb integral

o

_

1

2\3/4

3. All resonance integrals between non - neighbours

are set to zero

o—E Hqio
Hoq o—E
o—E Hio
Hoq o—E
H31 H3)
Ha1 Hgo
o—E Hio
Hoq o—E
0 H3o
0 0

3

o—E
Ho1

Hi3

Ho3
o—E

Hja3
0

Ho3
o—E

Ha3

Hio| _
oc—E‘_O

Hi4
Ho4

H3g
o-E

0

0
H34

o-E

=0



The Huckel approximation

The Huckel method

1. All overlaps are set to zero S ;=0

2. All diagonal terms are set equal to
Coulomb integral o
3. All resonance integrals between non - neighbours

are set to zero _
4. All remaining resonance integrals

aresetto 3

o—E le‘zo o—E B‘_O

Hoq o—E B oa—E |

o—E Hio 0 0

Hoq o—E Ho3 0

0 H3o o—E H3y =0
0 0 Hy3 o-E
o—-E B 0 0

B o—-E B 0

0 B o —E g | =0
0 0 B o-E

///

1

2\3/4



The Hickel method
The Hickel approximation

2 4
1. All overlaps are set to zero S jj =0 ~ \3/

1

2. All diagonal terms are set equal to
Coulomb integral «

3. All resonance integrals between non - neighbours
are set to zero

4. All remaining resonance integrals
aresetto B

-E  P/_
g o—E =
o—E B 0 0
B o-E B 0
0 8 0 —E g | =0
0 0 B o-E




The Huckel method
Solutions for ethylene

o—-E B
B o—E

(0.—E)? =p%;(a—E) = £ B

E1=a+p (o and 3 negative)

= (0 —E)*-p% =0

Er =a-p (o and B negative)

27* a — 3

1=1,2 andn=1,2
: k=n
y' = ¥ Cpy
k=1

k=1,2:1=1,2



The Hickel method
Solutions for butadiene

o—-E B 0 0
B o—E B 0 B
0 B o—E B | —
0 0 B o-E
o—-E B 0 B B 0
(a—E) B ao-E B -0 ao-E B |=
0 B o-E 0 B o-E
2oc E
» - 80 ()"
(0 —E)* — (0. —E)?B% —(0. —E)2B2 ~(0—E)?p* +B

(0 —E)* —3(a—E)2B% +B* = 0



The Hickel method
Solutions for butadiene

(0 —E)* —3(0.—E)?B2 +B* = 0

(@-B)* ,(@-E)?
i B°

(0 - E)? x2 —3x+1=0
BZ X = 2.62; x=0.38

Dividing by B 1=0

Introducing: X =

Thus

E=0+1.62 and oz 0.62f3



The Hickel method
Solutions for butadiene

a + 0.62p

o + 1620

k=n
> Ck|Hik —WSjk|=0
k=1

1=1,4 andn=1,4

: k=n
vl =3 clpk
k=1
k=1,4:1=1,4

The Hiuckel molecular orbital
energy levels of butadiene and the
top view of the corresponding

n orbitals. The four p electrons

(one supplied by each C)
occupy the two lower 7t orbitals.
Note that the orbitals are del ocalized.



The Hickel method
Solutions forbutadlene \%%
0. 372p,c - 0. 602p7t +0 0.372p2

0.602ppx — 0.3722 —0.372p3 +0.602p4

?(8

o+ 1.620 1

wzmng 0.3722 +0.372p3 +0.602p4

0.372p% +0.602p2 +0.602p> +0.372p 2




The Huckel method Solutions for butadiene

Comparison between PIB Same nodal structure
and Huckel treatment of
butadiene

Huckel FMO

37 gmL?’

. NN e
U

o+.623

Eo = ,

0+1.62B 88—8\8 \/ -y
2

£, = —1




The Huckel method Solutions for butadiene

Butadiene

We can write butadiene /—\
“'6ZBM as two localized m-bonds / \

o+.62[3

~ . delocalization
or+1.62P 8/8_8\8 Er(Bu)—2E,(Et) energy

E.(Bu)=2(a+1.625)+2(a +.62P3)

88—8\8 Or two delocalized m-bonds m

Ethylene

op = 4o+ 4.4873
8—8 2E - (Et) = 4(a+P) = 4o+ 403

Delocalization energy = .48f3

gl 8—8 (—36 kJ mol'l)




The Huckel method =

27

1

@O'@Q

o 0

o

B
oa—E

B
0

Cyclobutadiene

0

i
o—E

B

B
0

B
o-E

=0

O5pn—0 5pn+0 Bp% 05p7c

w OSpn—O 5pn—0 5pn+0 5p7c

O5pn+0 5pn—0 Bp% 05p7c

O.Bp% + O.5p,2t + O.5p,3t + O.Spﬁ



The Huckel method

2 23
1’L4/
a-2p3

T
o

i

o+ 23

i

Cyclobutadiene

2 ~ 3
1 4

No delocalization
energy

5
a-p gl



The Huckel method Benzene

The C-C and C-H
o - orbitals

Benzene

The framework of benzene

Is formed by the overlap of Csp2
hybrids, which fit without strain
Into a hexagonal arrangement.



The Huckel method Benzene

o—E B 0 0 0 B
B o—E B 0
p 0 a—E B 0 0
0 0 B o—E B 0
0 0 0 B o-E B
B 0 0 B B o-E
E= ot2B3 axp;, oxf
k=n i k=n K K
¥ Ck[Hik —WSik|=0 vy = ¥ C'pn
k=1 k=1

1=1,6 andn=1,6 k=1,6:1=1,6




Benzene

Delocalization energy =
2(o+2B) +4(a+P)-6(a+p) =2

—-150 kJ mol'1




What you should learn from this lecture

1. Be able to construct the secular
determinant for a conjugated mw-system
within the Huckel approximation

2. Be able to calculate orbital
energies for simple systems

3. You will not be asked to find

the molecular orbitals. However,

you should be able to discuss
provided orbitals in terms of bonding
and anti-bonding interactions



The Hickel method The allyl system

alyl cation EB O
oL —
—E =0
O

3

a—1.420 05pl —0.707p2 +0.5p3

\’ —  0.707p3-0.707p3 M

o+1.42a
0. 5pn +0. 7O7p7t +0. 5pn



