The chemical bond

Born-Oppenheimer approximation:

Nuclei, being so much heavier than electrons, move relatively slowly and may be
treated as stationary while the electrons move around them.

The Schrédinger equation must be solved for the electrons at the internuclear
distance.

HY = EW

Bond length




The chemical bond

Born-Oppenheimer approximation:

Nuclei, being so much heavier than electrons, move relatively slowly and may be
treated as stationary while the electrons move around them.

The Schrédinger equation must be solved for the electrons at the internuclear
distance.

Equilibrium bond length
HY = E¥

Molecular potential
energy curve

otential energy (kJ/mol)

Cp

Dissociatién
energy 432

Observed
H bond distance
inH,




How can a chemical bond be described?

1.Valence Bond Theory

+ VSEPR
» Overlapping of atomic orbitals

+ Hybridization

2.Molecular Orbitals

« Linear combination of atomic orbitals

* Delocalized bonding approach




1.Valence Bond Theory

Valence Shell Electron Pair Repulsion (VSEPR)
AX E,_

* The valence shell electron pairs on the central atom adopt position that
maximize their separation.

* Bonding pairs (X) tend to move away from lone pairs (E) even though that
might reduce their separation from other bonding pairs.

Lone Pair — Lone Pair

Lone Pair — Bonding Pair

Repulsion

Bonding Pair — Bonding Pair




1.Valence Bond Theory

Electron Groups 2 3 4 5 6
.- . . -
Molecular ° :
Geometry s - 3 .
. 2 ¢ s &
- - -
Linear Trigonal planar Tetrahedral Trigonal bipyramidal Octahedral
¥ 1 [ ¥
Au, A LI e 4
Zero Lone Pairs X— A—X X/A\x P X '|\\x x’?"x
X X X
Linear AX, Trigonal planar AX, Tetrahedral AX, ‘Trigenal bipyramidal AX, Octahedral AX,
Kooy | oK
A _An. il
One Lone Pair X Ny X7\ TE\V K x 1 >x
X X X
Bent (V-shaped) AX E Trigonal pyramidal AX,E Seesaw AXE Square pyramidal AX,E
One axial lone pair
A —A
Two Lone Pairs X\ X%
X X
Bent (V-shaped) AX.E, T-shaped AXE, Square planar AX E,
Twa axial lone pairs
i
X—A—X
Three Lone Pairs
Linear AXE,
ree




1.Valence Bond Theory

Valence Bond theory — overlapping

* Bonds are formed by over-lapping of atomic orbitals.

¢ Efficient overlapping is obtained along the bond direction (symmetry
requirements).

* Anti-parallel spin in atomic orbitals.

P — D

(@ s orbitals

(b) p orbitals a
o@ - |
() Hybrid orbitals J

Sigma bonds




1.Valence Bond Theory

Valence Bond theory - hybridization

* Hybridization is required to justify molecules’ geometry.

sp3d?




1.Valence Bond Theory

Valence Bond theory - hybridization

* Hybridization is required to justify molecules’ geometry.

Methane Ammonia

Same geometry of electron pairs!!!

Water




1.Valence Bond Theory

Valence Bond theory — n bonds

* 7 bonds are formed by p orbitals orthogonal to o bond.

Ethylene Hy H




1.Valence Bond Theory

Valence Bond theory — n bonds

* 7 bonds are formed by p orbitals orthogonal to o bond.

Carbon dioxide 0=C=0;

sp

sigma bond
(1 pair of electrpns) pi bond
(1 pair of

electrons)

(1 pair of
electrons)

10



1.Valence Bond Theory

Valence Bond theory — Limitations

Assumes electrons are highly localized between the nuclei (sometimes
requires resonance structures).

Doesn't easily deal with unpaired electrons (incorrectly predicts physical
properties in some cases).

Doesn't provide direct information about bond energies.

Example: O,

°® ™
- O atoms with sp? hybridization R
- 1o bondand 17 bond O_O
- Lone pairs in sp? orbitals o, «®

No unpaired electrons!

All electrons are paired === Contradicts experiment!

11



1.Valence Bond Theory

Valence Bond theory — Limitations

o ® o
L P
8 @

Experiments show O, is paramagnetic

12



A quick note on magnetism...

Paramagnetic

The molecule contains unpaired electrons and is
attracted to (has a positive susceptibility to) an applied
magnetic field

Diamagnetic

The molecule contains only paired electrons and is
not attracted to (has a negative susceptibility to) an
applied magnetic field

13



2. Molecular Orbitals

When atomic orbitals interact to form a bond, the result is the formation of new
MOLECULAR ORBITALS, that in principle spread all over the molecule.

HY = EW¥

WY is called MOLECULAR ORBITAL

Important features of molecular orbitals:

1. The molecular orbitals are the solutions of the same Schrédinger equation
applied to the molecule.

2. All the atomic orbitals of appropriate symmetry contribute to a molecular
orbital.

3. Each molecular orbitals can hold 2 electrons with opposite spins.
4. The electron probability for the molecular orbital is given by |¥]2.

5. Orbitals are conserved: in bringing together 2 atomic orbitals, we have to end
up with 2 molecular orbitals!

14



2. Molecular Orbitals

Molecule H,*

HY = EW¥

2 e (1 1 1
H= V1 + i

2mg 4meg \141 71 R
- NS S
Y Y
Related to kinetic Related to electrostatic interaction
energy of electron between electron and nuclei

LIJ is called MOLECULAR ORBITAL

The Schrédinger equation can be solved for H,* but the wavefunctions are very
complicated functions and cannot be extended to polyatomic molecules.

15



2. Molecular Orbitals

A simpler procedure shall be adopted that, while more approximated, can be extended
to other molecules.

If an electron can be found in an atomic orbital belonging to atom A and also in an
atomic orbital belonging to atom B, the overall wavefunction is a superimposition of
the two orbitals:

Y, = cpW4 * cgWg | Linear Combination of Atomic Orbitals — LCAO

For H,*:
¥, = Ni (Phisa £ Puiss)

¥, = Ny (Wu1sa + PHise) W_ = N_(WYh1sa — PHisB)

Bonding orbital Anti-bonding orbital

16



2. Molecular Orbitals

Bonding orbital Yy = Ny (Prisa + Pise)
The probability density is:

W7 = N} (Wfisa + Yhise + 2%h1sa * Piss)

. _J
/ ~~

Probability density if Constructive interference:
electron is confined i enhancement of probability
the atomic orbital ofA in the internuclear region

Probability density if
electron is confined in
the atomic orbital of B

Constructive
interference

Ois (44 [ _—

(a) Wave functions combined for o,

(b) Bonding probability density

17



2. Molecular Orbitals

Anti-bonding orbital W_ = N_(Phisa — PH1sB)
The probability density is:

W2 = N2(Whisa + Ph1ss — 2Whisa * Phiss)

- J
Y

Destructive interference :
reduction of probability in the
internuclear region

Destructive
interference

15 15 o5 Node

" e o [+ b (& :f;iQ
+ A i
5 w2
. ; H : H §
[ @ + * —_— L3 ° e < e
H : H | H H

() Wave functions combined for d (d) Antibonding probability density

18



2. Molecular Orbitals

Molecule H,*

(b) Bonding probability density

o Node
1s /
DD
e
H H

(d) Antibonding probability density

Cylindrical symmetry around the internuclear axis:
O orbital
Bonding orbital

» Improved electron density in the space between the
atoms.

O1s

Anti-bonding orbital

« Improved electron density in the region outside the
atoms and with a nodal plane in the middle.

*k
Gls

19



2. Molecular Orbitals

HY = EV¥ What about energy of the molecular orbitals?
E Eqis + e’ JEx
J—;, HIS " 4megR 1+£S
Energy of 1s orbital \
of H atom + for oy
- for o34

Potential energy
deriving from repulsion
between nuclei




2. Molecular Orbitals

HY = EV¥ What about energy of the molecular orbitals?
E E + i Jk
7 PHIS TaneoR O 1+S
R 1/R\* Overlap integral:
§= f Yh15a¥h1spdT = )1 + =73 (a—) g hiG extent of overlap of the two
0 . atomic wavefuntions

g w2 o2 R - Interaction of a nucleus with
| — —r — — - — Qg .
J 4n€ng ur 4megR {1 (1 t ) € } the electron density centered

s Qg
on the other nucleus

1+— the excess electron density

2 2
e J'q"msAwmsB = e (
a -
. deriving from overlap

R Interaction of a nucleus with
k —_ — e—R [217)
4megR T4 4megag )

All integrals are positive values!

21



2. Molecular Orbitals

HY = EV¥ What about energy of the molecular orbitals?
E Eyis + e fEx
70 T AnegR 1S
Plotting versus R T hts

Potential energy

22



2. Molecular Orbitals

HY = EV¥ What about energy of the molecular orbitals?
E Eqgis + e Jaik
7 PHIS TaneoR O 1+S

At the equilibrium distance:

Molecule H,* (+» <G

*
— 0% E_

1s Because of

—'— - E+ electrostatic repulsion
7 O1g between nuclei:
¢ D
N [E = Biagl > [By = Epgasl
H (AO) H, (MOs) H (AQ)

23



2. Molecular Orbitals
Molecule H,* (+» Q

E|
S ?EHls
1s 1s | Because of
—'— “E, electrostatic repulsion
- O1s between nuclei:
.’ [E_ — Epizgl > |Ey — gyl
H (AO) H, (MOs) H (AO)

When we draw a molecular orbitals energy diagram:

+ as the overlap between two atomic orbitals increases, the difference in energy
between the resulting bonding and antibonding molecular orbitals increases;

* the interaction (overlapping) between atomic orbitals is greatest when they have
the same energy.

24



2. Molecular Orbitals

Molecule H,

The same procedure is adopted, but the electron-electron repulsion must be taken into
account. Although an exact solution cannot be obtained, the MO model allows to
obtain qualitatively the same energy diagram for bonding and anti-bonding orbitals:

*

1s

H (AO) H, (MOs) H (AO)

25



2. Molecular Orbitals

Molecule He,

The same procedure than H,:

1s

He (AO)

1s

He (AQ)

26



2. Molecular Orbitals

1
Bond order b= > (n—n")
n Number of electrons in bonding orbitals

n* Number of electrons in anti-bonding orbitals

* The greater the bond order between two atoms of a given pair of elements,
the shorter the bond.

* The greater the bond order, the higher the bond strength.

27



2. Molecular Orbitals

Period 1 molecules

H2+ _Gis H2 _G;s Hez+ +6;s
+ o = | [ ot
1s 1s 1s 1s 1s 1s

Cys O1s Ois
He "
2 _H_'Uls
Molecule or Electron Bond Bond Length  Bond Energy -
lon Configuration ~ Order (pm) (kJ/mol) _H__,:" "::_H_
H,* (044)" 1/2 106 269 1s H 1s
H, (04)? 1 74 436 O1s
He,* (016)%(045)! 1/2 108 251
He, (045)%(045 )2 0 not observed  not observed

28



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

® = =

Cylindrical symmetry around the internuclear axis:

Atomic orbitals Molecular orbital
X X X
- ” - m ¢
‘lll$|‘, 2p,
np, hp, CinpZ
(a) Bonding

Per convenzione, I'asse z si posiziona lungo la direzione del legame. Aggiungere piani
nodali

29



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

® = =

Cylindrical symmetry around the internuclear axis:

Atomic orbitals Molecular orbital
X X X

np, np,
(b) Antibonding

Per convenzione, I'asse z si posiziona lungo la direzione del legame. Aggiungere piani
nodali



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

Orthogonal to the internuclear axis

TU orbitals

31



2. Molecular Orbitals
Period 2 homonuclear diatomic molecules 7T orbitals

Atomic orbitals Molecular orbitals
X

npy nnpx
X X X
zZ+ zZ— z
NPy My Thp,
(a) Bonding

Aggiungere piani nodali

32



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules 77" orbitals

Atomic orbitals Molecular orbitals
X X X
| e .
*
npy npy Mpp,
X X X
z— zZ — z
*
npy npy Mop,

(b) Antibonding

Aggiungere piani nodali

33



2. Molecular Orbitals

Expected energy diagram

X (AOs)

npy, np, np;

np;

nnp,( nnpy

Mhp, nnpy

np;
X, (MOs)

" np, np, np,

X (AOs)

34



2. Molecular Orbitals

M.O. Diagram for O, (similar for F, and Ne,)

atom molecule atom

sk
— 0
\ ?

/
b/ ~
2p Wt 2p
A g
N
\\ 2p 2p ,/
\ /

\_H_r (7

F A 2 unpaired electrons!
[ B 2unp

O, is paramagnetic

35



2. Molecular Orbitals

atom molecule atom .
o M.O. Diagram for O,
— (similar for F, and Ne,)
lf nzp:# TEZ]) *\\
1 =

atom molecule atom

*
/ \ 02]7
\

!/ N
1/ W
Y, Y,
2 B . ;
P P ’/ T, I p* \\
/ AY
b’// \\\

E Inversion of M.O. lorder
V2p
,/—H—\\GZ‘.* E
25‘ _H_\\\ //_H— 25 4 ” 1 sz*
\\ /’ / A
_H_, Os, // \\
25 —H—\’\ /\/—H— 2s
M.O. Diagram for N, % £
(similar for B, and C,) g o

36



2. Molecular Orbitals

atom molecule atom
Gll:r*
A\
/ \
Ik #
! TEZ[? TEZ]) \
1 i
!/ N
l/f \\\

.'I/ ‘\\
2p—- % 2
1 1
\ /7
\ [ \ 1
\ \\l \,/ I
1 n I
v . S
vl Ton
v ¥
E n n -4 .

A /i s-p mixing
' S | [

] \ i \

! )_H_l\ #

I~ \0}%»"

v N 3

2s _H_\\ ,/ 2s

\ 7/

\ /
\ 7
l * Oo;

M.O. Diagram for N,
(similar for B, and C,)

M.O. Diagram for O,
(similar for F, and Ne,)

atom molecule atom

No s-p mixing
/—ﬂ—\\ Oy,

37



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Li, Be, B,
. o |
-

N,

—
—

FoRE
b

25-2p, interaction

- ‘
=

=

.
O2p,

_1.L 03
‘J—L Oa¢

38



2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

il |
L lll |

aL ik
L Alb
I

N

E Al AL AL
— —H— |l |
Al | a
Bond order 1 0 1 2 3
Bond dlssomat_|1on 290 620 942
energy (kJ mol)
Bond length (pm) 159 131 110

FEE F

495

121

ALAL o,

154

143

39



2. Molecular Orbitals

Problem: Justify the following data for these homonuclear diatomic species:

Bond energy (kJ/mol) 945 841 498 623

Bond length (pm) 110 112 121 112

Plan: We first draw the MO energy levels for the four species, recalling that they
differ for N, and O,. Then we determine the bond orders and compare them with
the data: bond order is related directly to bond energy and inversely to bond

length.

40



2. Molecular Orbitals

Problem: Justify the following data for these homonuclear diatomic species:

N,
Cop
Typ
-
i o
i o
Bond Orders:
(8-2)/2 =3

N,*

(1
(Ui
N
t

(7-2)/2 = 2.5

0,

1]
(Ui
iy
Y

iy

(8-4)/2 =2

*
Gy

P

0,*

i
AN
v

fiv
v

(8-3)/2 =2.5

41



2. Molecular Orbitals

Problem: Justify the following data for these homonuclear diatomic species:

Bond energy (kJ/mol) 945 841 498 623

Bond length (pm) 110 112 121 112

Bond order 3 2.5 2 2.5
Answer ???

42



2. Molecular Orbitals

Period 2 heteronuclear diatomic molecules

A *
pP———7 T
A
m m
E .
o
s — 3
RS
A (AOs) B (AOs)
Less electronegative More electronegative

43



2. Molecular Orbitals

Carbon monoxide — CO

C atom CO molecule O atom
A —
o .__—Lumo
W Lowest Unoccupled
Molecular Orbital

=
2Dy y,z
_H_
2s

energy

T . HOMO
? — Highest Occupied
— 2s Molecular Orbital

44



2. Molecular Orbitals

Carbon monoxide — CO

o ofgs
- - 3% @9 LUMO

. > @e® HOMO
-8
25 :
2> @90
25
Q

CcO

45



2. Molecular Orbitals

Nitrogen monoxide — NO

2s

N (AOs)

*
Ozpz

i

i
Mp, M2p,

11

Nap, Map,

§l3
O2p,

S
0O

1

Oy

NO (MOs)

25

O (AOs)

Bond order = (8-3)/12 = 2.5

Easily forms ...

46



2. Molecular Orbitals

NO*

2s

N (AOs)

NO (MOs)

Bond order = (8-2)/2 =3

25

O (AOs)

47



2. Molecular Orbitals

Non-bonding molecular orbitals

Hydrogen chloride - HCI

Yy =cyWy £ cq¥a CqH # Ccl
A o 1s of H mixes with 3p; of CI:
s + same symmetry
‘ * closerin energy than 3s
1s
ey B | 3 3L A
E | Nonbonding orbitals —_—
! . nb nb “3pe 3py 3p;
03pz /
L nb 3s
H (AO) HCI (MOs) Cl (AOs)

48



2. Molecular Orbitals

Non-bonding molecular orbitals
Hydrogen chloride - HCI

Yy =cyWy £ cq¥a CqH # Ccl
1s of H mixes with 3p, of Cl:
Atomic orbitals Molecular orbital * same symmetry
X X x + closerin energy than 3s

ns np, Chsp,

(a) Bonding Atomic orbitals Molecular orbital

(b) Antibonding

X X X
ns np;, o

49



2. Molecular Orbitals

Non-bonding molecular orbitals
Hydrogen chloride - HCI

W, = cyWy £ cqPa

i oy,
1s
E ‘ Nonbonding orbitals ]—» j-L j—L B \’
‘ “ nb nb
.03.0;
Nonbonding orbital :I—.j_L .............. _1L
‘ nb 3s
H (AO) HCI (MOs) Cl (AOs)

Cy > Cal £

50



2. Molecular Orbitals

H-X molecules

_Dissociation energy

| 5p,
Br4p,

Cl 3p,

F 2p,

E=0

The orbital employed by the halogen:
* increases in energy
* Increases in size

51



2. Molecular Orbitals
H-X molecules

Bond length Bond strength (DH°)?
Hydrogen halide A keal/mol kJ/mol
H—F @sxp 0917 136 571
H—Cl \.}.ﬂ __\\' 1.2746 103 432
A Cly
H—Br Hy—; 1.4145 87 366
A \.BBr
H—I H - 1.6090 71 298
D,
— “DH is the bond dissociation energy.
H1s 2 — \
Y Wht HF is a weak acid?
' E—— | 5p,
—— Brdp,
—— ClI3p,
v — F2p,




2. Molecular Orbitals

Triatomic molecules BeH,

®-9® 689
®-0 eoed

bonding orbitals

Be

H atoms

itals

¢

2 combinations of H AOs with appropriate Be AOs
E 1 anti-bonding orbitals
—
— .
2p —: of o — “|
— W— ‘“ _ .
i " nen-bonding orbi
Al
2s A b H
\ l. v
a b L
'y M

- 15 . .
combinations

53



2. Molecular Orbitals

Triatomic molecules Cco,

no matchon C

matches C 2p:
OS-=9 y—© tc

® o

matches C 2s
matches C 2px

equivalent by rotation

54



2. Molecular Orbitals

Triatomic molecules Cco,

anti-bonding orbitals
AN :

I non-bonding orbitals

@
B

'.:.‘ el “—1'1' 1'4'1'

it

P o I
X . combinations
v |#:", bonding orbitals
[ ¥
1

1l 1l

T Ik

2s . -
combinations

non-bonding orbitals

O atoms ._C _. ._C _.

——
-l
e
e

”

lIi

-~
-

o] 0CO




2. Molecular Orbitals
Hiickel method

The description of polyatomic molecules with multiple bonds is very complicated using
molecular orbitals.

Molecular properties (physical parameters, spectroscopic characteristics and
reactivity) can be explained adopting a simplified procedure:
* ¢ bonding using localized electron-pair bonds formed by hybrid atomic orbitals:

describe mostly atomic arrangement and geometry.

+ 7 bonding using molecular orbitals formed by unhybridized np atomic orbitals:

describe fine details of atomic arrangement, spectroscopic and reactivity properties.

56



2. Molecular Orbitals

2

Ethylene
» 11 11 1 %
E Promotion Hybridization L ’H— L .
25 _[ W
C C C
(ground state) (excited state) (sp? hybridized)

'] l, Hils

1 L H1s

(a) C,H, o-bonded framework

The geometry of the molecule is
described by the ¢ bonds network.

Bonds are formed by overlapping of
semi-occupied sp? of C and 1s of H.

57



2. Molecular Orbitals

Ethylene
2p, 2p,
z
[
o
(b) C;H, wbonding

7 bonding is better described by MO

2p,

(AO)

Antibonding MO

om

]
2pz
1 (@0
‘ n
Bonding MO

58



2. Molecular Orbitals

Acetylene
» 11 _ 111 11 5
E Promotion Hybridization ’I ’]
_— —> 1 1 s
2s ﬂ L
C C
(ground state) (excited state)

H1s ']CDC%CQL H1s H
sp sp

2p

(a) C,H, o-bonded framework

59



2. Molecular Orbitals

Acetylene

x;—- —\..\\., T*
f/ \‘\'\,'
/&2 o6\
z;,f' R\
28+ +( X +88
P, py ‘ff \\ > 7\ l’>, P,
;"’ e / T \.-\4.\
@+ * ¥ @
sp Tz Ty !_,~' sp

60



2. Molecular Orbitals
Ozone

v g

.-/O% .« €E&—> . ///O\é..

‘o o o}

Experimental angle: 117.5°

VSEPR, Valence Bond theory and
Resonance well predicts geometry

The net positive charge on the central atom is not acceptable.

61



2. Molecular Orbitals

Ozone

sp?

0
oY % o
" "

(a) O3 o-bond framework

2p,
2p,

2p,
0 @ i i
a 7 bonding is better
0 / \

ﬁ described by MO

(b) O3 mbonding

62



2. Molecular Orbitals

Ozone b =
/node 1 (G) +(3-50(TE) =1.5
0(6\;’\0 = m*
0 :2nodes| 0 Antibonding

Q 0 e
1 node Nonbonding
1

m

Higher electron density on
the terminal O atoms.

Bonding

Possible 2p, Molecular  Energy
interactions orbitals levels




2. Molecular Orbitals

Ozone

40, O > >
56, QD
I, Q-J—O 0O
Why O; is not linear?
tn, & o<

1n, W 000

30, oo

40, O

20“ Q—
3o, Q-0

Angle —> 180°

64



2. Molecular Orbitals

Problem: On the basis of MO theory, describe the electronic configuration of NO,,
NO, and NO,*. Which one is paramagnetic?

NO, has the same electron configuration than O,.

NO, NO, NO,*

}
}
}
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2. Molecular Orbitals

1,3-butadiene
135 pm

sp? hybridized The molecule is planar:
H no rotation around C2-C3 bond
H,C \ /C &
C CH;
H N’
Jspz hybridized C - C single bond:
147 pm 154 pm

C = C double bond:
133 pm




2. Molecular Orbitals
E Bl . l
1,3-butadiene + 9 E 0 i 0 ' Q

H,C +:CHTCH+CH2 59 . —

O | g m
Antibonding
(3 nodes)

H
YA o
z\c/\\/wz 9 0mQ 9 *
H H,C ——CH—CH——CH, — >
sp? hybridized O m O M3

L L (2 nodes)

) 0
10c%cm@c%cal HE-I—E—QH—QH — - 1—L
U b 00 g )

1 1 (1 node)

S EE R0

sp? hybridized

H
Bonding
(0 nodes)
Possible 2p, interactions Molecular  Energy
orbitals levels

(a) 1,3-Butadiene o-bonded (b) 1,3-Butadiene m bonding
framework




2. Molecular Orbitals

1,3-butadiene bc1-c2=bc3-c4 =
2 (0)+0.67 (m1)+2 (1)
sp? hybridized 2
H
HZCRC/C\CH2
H
| |
0 0 |
LAY A W g Ak A
b

9900 0

C—CH—CH—CH, =

H

Possible 2p, interactions

(a) 1,3-Butadiene o-bonded
framework

(b) 1,3-Butadiene m bonding

= 1.835

bca-c3 =

2 (0)+0.67 (mq) _ S

Rotation is impossible !!!

%!

(1 node)

&

Bonding
(0 nodes)

Molecular  Energy
orbitals levels
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2. Molecular Orbitals

1,3-butadiene
. I'/nt:hdel I
kH?EQHE?HEQH % E +1.62p
WA A a2 N =a .
0ig:0:0 hdil
G hectinend o energy of one electron
in a 2p orbital.
H2?+94—9H—?H2 , S E=a+062p
0oy i)
(2 nodes)

w ! O O f: interaction energy
H C—CH—E—CH—CHZ —5 2 > - 1i E=o- OGZB between two P orbitals;
' ? independent from the

2
onQ | guuQ
type of molecule.

HP—QH—QH—?HZ _)8 % E=a-1.628
000 0

Bonding
(0 nodes)




2. Molecular Orbitals

Benzene

M@ T oS m

It is not made by
3 double bond!

-120

152kJ :
discrepancyl i Stabilization

@ i energy

real berzene
-G :
750
: | -208

70



2. Molecular Orbitals

Benzene

Resonance hybrid model of benzene.

Do not describe properly the reactivity of benzene!!!
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2. Molecular Orbitals

Benzene

carbon p orbitals
seen from above

©1996 Encyclopaedia Britannica, Inc.

Molecular skeleton by
overlapping of hybridized C 2sp?
and H 1s.

6 C 2p orbitals are orthogonal to
the molecular plane.

They are combined by MO
theory.
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2. Molecular Orbitals

Benzen-

3 nodes

0 nodes

LUMO

E=o+2p

E=a-2p
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2. Molecular Orbitals

Benzene

g8

Mg
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2. Molecular Orbitals

Polymers

N NN

2

LUMO

HOMO

4

6

8
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