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,

e ® L]
0 atoms with sp? hybridization .
1 o bond and 1 w bond O—O
Lone pairs in sp? orbitals ., .®

No unpaired electrons!

All electrons are paired =—»Contradicts experiment!

1.Valence Bond Theory

Valence Bond theory — Limitations

Experiments show O, is paramagnetic
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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

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 = E¥

W is called MOLECULAR ORBITAL

Important features of molecular orbitals:

1.

vk W

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

All the atomic orbitals of appropriate symmetry contribute to a molecular orbital.
Each molecular orbitals can hold 2 electrons with opposite spins.
The electron probability for the molecular orbital is given by |¥|2.

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

Molecule H,*

HY = EW¥

R e (1 1 1
H:_ Vl— + -

2m, 4meg \141 11 R
N VAN o
Y Y
Related to kinetic Related to electrostatic interaction
energy of electron between electron and nuclei

W 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.

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, = cpW, + cgWp | Linear Combination of Atomic Orbitals — LCAO

For H,*:

Wy = Ny (Whisa = Paise)

W, = Ny (WPuisa + Priss) W_ = N_(Wh1sa — PhisB)

Bonding orbital Anti-bonding orbital
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2. Molecular Orbitals

Bonding orbital ¥, = Ny (Pisa + Prase)
The probability density is:

v = N-Zl-(LplgllsA + lpI?IlsB + 2Wh1sa * lPHlSB)

G J
/ g

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

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

Constructive
interference

1s 1s l O1s

) ) O1s [ +

4 [ i

o

H H H H H

(a) Wave functions combined for o, (b) Bonding probability density

2. Molecular Orbitals
Anti-bonding orbital W_ = N_(Pu1sa — Priss)
The probability density is:

Y2z = NE(WI%ISA + lpI?I1sB — 2Wh1sa * llesB)

- J
Y

Destructive interference :
reduction of probability in the internuclear
region

Destructive
interference * Node

W2

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

5 October 2025



2. Molecular Orbitals

Molecule H,* Cylindrical symmetry around the internuclear axis:

O orbital

P Bonding orbital

atoms.

O1s

Anti-bonding orbital

atoms and with a nodal plane in the middle.

* Improved electron density in the space between the

* Improved electron density in the region outside the

k
O1s
(d) Antibonding probability density
2. Molecular Orbitals
HLIJ = ELP What about energy of the molecular orbitals?
E E + e* J £k
i/_. HIs 7 4megR 1+S
Energy of 1s orbital \
of H atom +for O1s

*
- for o3¢

Potential energy deriving
from repulsion between
nuclei
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2. Molecular Orbitals

HY = E¥

What about energy of the molecular orbitals?

E E + e jtk
+ = -
7RIS T4mepR 14
R 1/R\? Overlap integral:
S = | Yy15a¥u1spdr =1+ =13 (a_> e R/ extent of overlap of the two
0 0 atomic wavefuntions

e? w2 e? R Interaction of a nucleus with the
. H1sA _ —2R/aq :
Jj= dr = 1-({1+—]e electron density centered on the
4megR Tg

Qo
other nucleus

e? Yy e? R
k= f H1sATHISB o 1+ 2
4megR T4

Interaction of a nucleus with the
e—R/ao
4regay ag

excess electron density deriving
from overlap

All integrals are positive values!

2. Molecular Orbitals
HY = EW¥Y

What about energy of the molecular orbitals?

E,=E e ik
+ = Ep1s + -
* S 4megR 1+ S
Plotting versus R tf:,ls
2 o Ras
E De ”8!5
o
[~¥
—
R, |
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2. Molecular Orbitals

H‘-IJ = qu What about energy of the molecular orbitals?
E, = Epys + © _isk
7 PHIS T4neoR 1+

At the equilibrium distance:

Molecule H,'  (+0 <D

*

£ _'— — 'é’EHls

Because of electrostatic

s * S <E, repulsion between
O1s nuclei:
« i
L
\\\Aj,/) |[E_ — Enys| > [E4 — Egasl
H (AO) H, (MOs) H (AO)

2. Molecular Orbitals

Molecule H,'  (+0 <D

*
\gls T E_

£ + — "EHls

Because of electrostatic

1s 1s )
_'_ <E, repulsion between
O1g nuclei:
Q\‘_,;.,ﬁ) |E_ — Enas| > [E4 — Epagl
H (AO) H, (MOs) H (AO)

When we draw a molecular orbitals energy diagram:

e asthe 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.
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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:

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

2. Molecular Orbitals

Molecule He,

The same procedure than H,:

He (AO) He, (MOs) He (AO)
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2. Molecular Orbitals

1
Bond order b = 2 (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.

2. Molecular Orbitals

Period 1 molecules

H," G;s H, Gis He," ’_'_“G;s
1s 1s 1s 1s s To1s
O1s O1s O1s
He ; *
2 x?ils
Molecule or Electron Bond Bond Length Bond Energy
lon Configuration Order (pm) (kJ/mol) f f
Hy* (0y0)? 1/2 106 269 1s RTINS - 1s
H (0,)? O1s
2 054) 1 74 436
He,* (00203, 1/2 108 251
He, (015)%(04,7)? 0 not observed  not observed
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2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

Cylindrical symmetry around the internuclear axis:

Atomic orbitals Molecular orbital
X X X
zZ— z —> b4
” ” 02p,
np, np, onpz
(a) Bonding

2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

@ ? px 2py

Cylindrical symmetry around the internuclear axis:

Atomic orbitals Molecular orbital
X X X
Z+ — z—> z 0'*
2p,
np, np, Ujrpz

(b) Antibonding

5 October 2025
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2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Valence atomic orbitals:

# sz

Orthogonal to the internuclear axis

TT orbitals

2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

Atomic orbitals

X X X
| | |
Z+ z —
I
npy npx Mhp,
X X X
Z+ zZ —>
np, npy Top,
(a) Bonding

TT orbitals

Molecular orbitals

5 October 2025
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2. Molecular Orbitals

Period 2 homonuclear diatomic molecules 7T " orbitals
Atomic orbitals Molecular orbitals
X X X
| L i
*Z i %z - % ’ ‘
npy npy Tl;

Pz

X X X
npy npy Mo,
(b) Antibonding

2. Molecular Orbitals

Expected energy diagram

A S
‘ o'npz .
s Tr;;px n;py
—— ——
npy np, np, 7 npy np, np,
Mhp, nnpy
0-”pz
X (AQOs) X5 (MOs) X (AOs)
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2. Molecular Orbitals

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

molecule atom

//—\\ 02])*

’Tﬁgg* Tff_ b 2 ired elect !
¥ P Ye— unpaired electrons!
/:/ \\\

2p

atom

\\ // (o] . .
A 0, is paramagnetic

2. Molecular Orbitals

atom molecule atom .
i M.O. Diagram for O,
05, . e
— (similar for F, and Ne,)
/nzp* an*\\
i " T==N"}
/ \ atom molecule atom
/—\\ 62]7*

ES

/ \
/7 A\
1/ AN
4 M
2p—?—( \’}—?—Zp //Inz P AN
/4
e i SN
N* //\\ 7 vt 2p
E .
Inversion of M.O. order
O2p

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




2. Molecular Orbitals

atom molecule atom .
. M.O. Diagram for O,
Oy, * . .
—_— (similar for F, and Ne,)
/ \
II n.'lp* 7:2,7*\\
///’_ _\\\\\ atom molecule atom
/| \
1/ AN
1/ Ay — 0
2p +(‘~/\\\ 3%2 //\‘I)—T— 2p /lnz - *\\\
Vs v ////_f; '—fﬁ\\\\
vy v i N
LA N 2 ﬂ_?_f\/ 2
\dr il SR Al
3 ' ' s-p mixin W
\ 1 -
’1’ \\ ', ‘\‘ p g \_H_/ 02,)
1 \ 1 \
1 )+l o r:k o e
25—t \Z‘_H_z E No s-p mixing
S o/ S “
\\ // 7 \ GZS*
% | ' d
—H— oy // \\
/ X
2s —H—\/\ /\/—H— 2s
M.O. Diagram for N, L /
(similar for B, and C,) gy o,
2. Molecular Orbitals
Period 2 homonuclear diatomic molecules
Liy Be, B, & N, 0, F,
A
";pz

A

- BRI

| —
[—
|~
=
|
F——
=SS
—
—
f—
N
=
=

(s

2s-2p, interaction

5 October 2025
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2. Molecular Orbitals

Period 2 homonuclear diatomic molecules

I 1
1L
- 1.1 1L 1L 1L AL L 4l TN ..
1L 1L 1L 2 —H—
L | Al |
SisS EOE S
- T
TR
B T
Bond order 1 0 1 2 3 2 1

Bond dissociation

energy (k) mol) 290 620 942 495 154

Bond length (pm) 159 131 110 121 143

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.

5 October 2025
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2. Molecular Orbitals

Problem: Justify the following data for these homonuclear diatomic species:
N, N,* 0, 0"

8 - B -

LU R VI

8 - ® W - i
TR W - i

Bond Orders:

(8-2)/2 =3 (7-2)/2 = 2.5 (8-4)/2 =2 (8-3)/2=2.5

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 ???

5 October 2025
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2. Molecular Orbitals

Period 2 heteronuclear diatomic molecules

A (AOs)

Less electronegative

B (AOs)

More electronegative

2. Molecular Orbitals

Carbon monoxide — CO

A —_—

1
A

energy
N :F
@ :

C atom CO molecule O atom

N . wwmo
T Lowest Unoccupied

Molecular Orbital

HOMO

— Highest Occupied

Molecular Orbital

5 October 2025
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2. Molecular Orbitals

Carbon monoxide — CO

o 2% %3 @9 Lo

2s

25

co

2. Molecular Orbitals

Nitrogen monoxide - NO

A

* PN
nZPx n2Py

. "2px "2py

O2p,

2

Oy

NS

Oy
N (AOs) NO (MOs)

2p

Bond order = (8-3)/2=2.5

0 (AOs) Easily forms ...

5 October 2025
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2. Molecular Orbitals

NO*
A Gzpz
W S S - ?PX any
2p
A - 2p
~ Tp, T2p,
g AL
O3, Bond order = (8-2)/2 =3
72 O .
2s
Oy
N (AOs) NO (MOs) O (AOs)
2. Molecular Orbitals
Non-bonding molecular orbitals
Hydrogen chloride - HCI
Wy = cyPy + ca¥a CH # Ccl
A P 1s of H mixes with 3p, of Cl:
P * same symmetry
| * closerin energy than 3s
1s \
E | Nonbonding orbitals }—» ll Ly
! . nb nb " 3p, 3p, 3p,
O,
l Nonbonding orbital 3—»% rrrrrrrrrrrrr 3—
- n s
HCI (MOs) ClI (AOs)

H (AO)

5 October 2025
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2. Molecular Orbitals

Non-bonding molecular orbitals
Hydrogen chloride - HCI

Wy = cyWh £ ca¥a cH # Cql
1s of H mixes with 3p, of Cl:
Atomic orbitals Molecular orbital ° same symmetry
X X * closer in energy than 3s

ns np, Onsp,

(a) Bonding Atomic orbitals Molecular orbital

(b) Antibonding

X X X
ns np, ¢

2. Molecular Orbitals

Non-bonding molecular orbitals
Hydrogen chloride - HCI

W, =cyWy x cqWa

ST N
7 O3p,

T

B s 2 A I

nb nb " 3p, 3py 3p,
‘ngzy
‘ Nonbonding orbital 3—»& ,,,,,,,,,,,,,,, i
) nb 3s
H (AO) HCI (MOs) Cl (AOs)

5 October 2025
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2. Molecular Orbitals

H-X molecules

7y E=0

The orbital employed by the halogen:

* increases in energy

>
20 .
Q * Increases in size
J-@
<
hel
.8 o I5p,
3.—— Brdp,
2
A —— Cl3p,
v -— F2p,

2. Molecular Orbitals

H-X mOleCuleS TABLE 1.6 Hydrogen-Halogen Bond Lengths and Bond Strengths

Bond length Bond strength (DH)*
Hydrogen halide (A) keal/mol kJ/mol
H—F @@\.F 0917 136 574
o @ 12746 103 a3
A -
H—Br H \B 1.4145 87 366
N
4 H—1 D * 1.6090 71 298
D,
o “DH? is the bond dissociation energy.

Why HF is a weak acid?

— 15p,
“—— Brdp,

— Cl 3p,

~— F2p,

5 October 2025
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2. Molecular Orbitals

Triatomic molecules BeH,

e e
s

2 combinations of H AOs

with appropriate Be AOs

A R
E ' ."
& '

_l’ L
2p —‘ "‘r S— ‘Ill

1 H
LY 1
1 ‘|

'|“ non-bonding orbi

anti-bonding orbitals

itals

H

i

o
]
v ’
v

]

Be HBeH

18 ..
combinations

H - bonding orbitals
II g g

H atoms

2. Molecular Orbitals

Triatomic molecules co,

matches C 2p:

no match on C

- ._ ¢ '
matches C 2s
matches C 2p.

matches C 2p¢

equivalent by rotation

22
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2. Molecular Orbitals

Triatomic molecules co,

anti-bonding orbitals

\ non-bonding orbitals
I 5 c —
L
LI U]
2s +‘ " 4

&p o

[ 4 combinations

1y "

5 'ﬁ‘.“ bonding orbitals  Q—— € _——
1 ]

it ql !

Y =1

—@

combinations

non-bonding orbitals

[ 0OCO O atoms

9o ©-o

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:

o bonding using localized electron-pair bonds formed by hybrid atomic orbitals: describe
mostly atomic arrangement and geometry.

1 bonding using molecular orbitals formed by unhybridized np atomic orbitals: describe
fine details of atomic arrangement, spectroscopic and reactivity properties.

23
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2. Molecular Orbitals

Ethylene
» L1 _ 11 1
E Promotion Hybridization ’I_ ’l_ 1_ sz
2s ﬂ 1_
C C C
(ground state) (excited state) (sp2 hybridized)
His | His
The geometry of the molecule is
3 described by the ¢ bonds network.
Bonds are formed by overlapping of
semi-occupied sp? of C and 1s of H.
H1s 1 L H1s
(a) C;H, o-bonded framework
2. Molecular Orbitals
Ethylene
2p, 2p,
Z
@ @ 1 bonding is better described by MO
[ T awtH {
/lC C \
H = ~ H ~
Antibonding MO
,/"/ , T[* \ \\\
(b) C,H,  bonding g 1 1
2p, 7 2p,
o) . q| (O

Bonding MO

5 October 2025
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2. Molecular Orbitals

Acetylene
2p 1_ 1_ -

E Promotion
2s LL

C
(ground state)

H1s 1®;®;QL H1s ;WC

(a) C;H, o-bonded framework

1

1

C
(excited state)

1_ 1_ 2p
Hybridization
Y 1.0 5
C
(sp hybridized)
2p, 2p,

2p,

U

y

(b) C;H, mbonding

2. Molecular Orbitals

Acetylene
PO "
/ \
‘/’ \\
Vi g
/&g -6\
38+ +(
£\ /
LTAAY -2
@ o - =
sp \.\ n, ﬂ:‘.
\'\ i
\ p
\\,\ /
\\ ,/’
@/
—f— o
—cC —C=C—

Xr+8

\ )
4 @
/ sp

5 October 2025
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2. Molecular Orbitals

Ozone

Experimental angle: 117.5°

VSEPR, Valence Bond theory and
Resonance well predicts geometry

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

2. Molecular Orbitals

@sp2

Ozone

o Vo o
Y

(a) O3 o-bond framework

2p,
2p, 2p,

)

(b) O; mbonding

1 bonding is better
described by MO

5 October 2025

26



5 October 2025

2. Molecular Orbitals

Ozone

0

Possible 2p,
interactions

nodes

Antibonding

Nonbonding

1

m

Bonding

Molecular  Energy
orbitals levels

bo-o =
1(c)+0.5(n)=1.5

Higher electron density on
the terminal O atoms.

2. Molecular Orbitals

Ozone
Aa

A
g

N

%

s,

7a,

2b,

40, P ><

56, G D

9 000
. % o

12, W 000

Im

30, 0 <>

do. 0D

20, QO—
3“: Q-0

Angle —> 180°

Why 0O; is not linear?

27



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 Os.

NO, NO,

j:
+

}
}

NO,*

2. Molecular Orbitals

1,3-butadiene

135 pm
sp? hybridized

H
Hzc\c/ck
H

CH,
sp? hybridized

147 pm

The molecule is planar:
no rotation around C2-C3 bond

C—Csingle bond:
154 pm

C=Cdouble bond:
133 pm

5 October 2025
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2. Molecular Orbitals

node
E
1,3-butadiene + 9:0:9:Q
H,C—=—CH-—CH——CH, —_ —_—
: ' ‘ T4
sp? hybridized Al:;i:z::;r;g
e 5
2 |
N7 xCH2 q O :
H HZCOfCHfCHfBHZ — )
sp? hybridized ! ‘-; ! 3
L é (2 nodes)
C C w 1 L
e aif=5=% | L
1 1 (1 node)
e G .
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 bci-c2 =bc3-c4 =
2 +0.67 +1
(0) (m)+1(mp) _ oo
sp? hybridized 2
o bca-c3 =
H,C C
kﬁ/ a 2 (0)+0.67 (1) _ 1335
sp? hybridized

L L
0’
v %&a“’ %&al

1 1

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

Rotation is impossible !!!

S L A
(1 node)
H,C—CH—CH—CH, ﬁs
Bonding
(0 nodes)
Possible 2p, interactions Molecular  Energy
orbitals levels

(b) 1,3-Butadiene m bonding

5 October 2025
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2. Molecular Orbitals

1,3-butadiene

node

9791919

>

HZE)TCOH%SH%aHZ - - E=o+1.620
I ' ' “'(';i:::::')‘g a.: energy of one electron in
a 2p orbital.
H%——?H—QH—E_gHZ - - E=o+0.62p
(2 nodes)
w ! O O B: interaction energy
HZC7CH#CH7CHZ > - - 1_L E=a-0.62B between two p orbitals;
0 O m 2 independent from the
— type of molecule.
HZQ—CH—CH—CH2 — 1TE E=a-1.6283
Bonding
(0 nodes)
2. Molecular Orbitals
Benzene
Fy @
E 2k 4 o
2 discrepancy i Stabilization
r energy
It is not made by ? __@__ """"
3 double bond! : rea!?berlzene
@ - :
i|-232
-120
oll''e

5 October 2025
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2. Molecular Orbitals

Benzene

Resonance hybrid model of benzene.

Do not describe properly the reactivity of benzene!!!

2. Molecular Orbitals

Benzene

@ overiap

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.
carbon g orbitals
seen fram above

©1996 Encyclopasdia Britannica, Inc.
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2. Molecular Orbitals

Benzene

3 nodes

2 nodes LUMO
1 node HOMO
0 nodes N

E=a+2f

E=a-2pB

2. Molecular Orbitals

Benzene

Mg

5 October 2025
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2. Molecular Orbitals

Polymers

NN

LUMO

HOMO

4

6

8
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