Announcements

HW3 due on Friday, 14th

HW4 distributed today and due on Friday, 21t
Mid-term exam 2 will be on Tues, 25t

The class on the 20t will serve as a review session
Piatra, Chris M, and John: meeting scheduled today

Kevin and Gerardo: need to schedule



Grading



Lecture 11 Topics

Atoms coming together

Bonding of atoms
— Valence bond approach

— Molecular orbital approach
* Bonding and antibonding states
* Bonding types: sigma and pi and others
e Diatomic molecules
* Hybridized orbitals: sp3 and sp2

Molecular energy quantization due to
— Rotation
— Vibration

Molecular spectra



When atoms come together

Finite Well

U, x<0
U[x}=[ﬂ 0< x<L

u, x= L
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So, when atoms come together

At large atomic separation,
electrons occupy n = | and
n = 2 states at the same
energies in each atom . , .
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but when atoms are close,
the molecular states spread
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Molecules

Two or more atoms together

A molecule forms when it gives a more stable
arrangement than individual atoms

Bonded via valence electrons

— Inner electrons are relatively stable

Two approaches
— Valence bond approach
— Molecular orbital approach



Valence bond approach

Each bond consists of two electrons of
opposite spins; each electron is provided by
an atom in the molecule.

The bond is called covalent bond.
Use dots or lines to represent a bond.

Hund’s rule allows the availability of unpaired
valence electrons in each atom for bonding.



Valence band approach

Unpm'.md Medeenlar

Awmic  Awmis  Ocdupancy of orbitals Bond
“Element +  number  strmcture 1l 25 Zpe Zpy 2Zpc clectrons  strucwmre  energy, ¢
Hydrogen, H 1 1s 1 1 (1s) H—H 4,72
Helivm, He 2 152 Tl : 0 No molecule
Lithium, Li B 1s%2s
Beryllium, Be 4 1s224°
Boron, B 5  1£22:%%p
{arbon, C 6 15225220
Nitrogen, N T 182s%3pt
Oxygen, O B 1s.22s%2p4
Fluoring, F 9 1s®2s%2p0
Neon, M 10 1s22422p8




Valence band approach

Atamie Atomie

{:tcdhpuuqf.ufw&ﬂa!s Unpaired  Molecular  Bond,
s 2 2pe 2Zpy 2Zpc clectroms  stmemere  energy, ¢

Element - number  strucgure
Hydrogen, H 1 1s 1 1 {1s) H—H 4.72
Helivm, He 2 152 Tl : 0 No molecule
Lithiam, Li B 1:22s S R | 1 (25 Li—Li 1.03
Beryllium, Be 4 1s224°
Boron, B 5  1£22:%%p
{arbon, 6 1:22:522p2
Nitrogen, N T 182s%3pt
Oxygen, O B 1s.22s%2p4
Fluoring, F 9 1s®2s%2p0
Meon, N 10 1s%2:22p8




Valence band approach

Awmic  Awmic  (cdspancy of orbitals .

“Element +  number  structure 1s 25 2pe 2y 2p: c!m_::r_&m Structre  EMErgy,
Hydrogen, H 1 1s 1 1 {1s) H—H 4.72
Helivm, He 2 152 Tl 0 No molecule
Lithium, Li 3 15725 1L 1 1(2s) Li—Li 103
Beryllium, Be 4 15252 Tl T 0 Mo molecnle
Boron, B 5 12222 0t T 12 B—B 30
Carhon, C 6 122222 1L 1 2{2p) =L 6.5
Nitrogen, N T 182s%3pt
Oxygen, O B 1s.22s%2p4
Fluoring, F 9 1s®2s%2p0
Meon, N 10 1s%2:22p8

Unpoired  Moleeular  Bond




Valence band approach

Unpoired  Moleeular  Bond

Aamic  Awmic ~ Occupaney of orbitals .

‘Flement - number  strucgmre 13 25 2pe Zpy  2pe clectrons  stucture  energy,
Hydrogen, H 1 1s 1 1 {1s) H—H 4.72
Helivm, He 2 152 Tl 0 No molecule
Lithium, Li 3 15725 +L ot 1@ Li—Li 103
Beryllium, Be 4 1s%2s% R A : 0 Mo molecule
Boron, B 5 1#22:%p ot 1 1 (2p) BT 3.0
Carhon, C 6 1£222p 1 fE 0T 1 2{2p) =L 6.5
Mogen, N 7 12 t, N 1 T 1 3@) N=N 98
Oxygen, O B 12222+ 1] N LT 1 242 O0=0 5.1
Fluorine, F RN LT L o A oA R 1 {2p) F—F 1.6
Neon, N 10 12228 1L Tl Tl D Mo molecale
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Molecular orbital approach

* Electrons can be shared in two ways:

— Bonding state

""l odd 'bl"" &
“*'_:":.' r—r—r——— o \ T i
— Antibonding state = i . o
Molecular Isolated atom

At large proton separation, atomic and
molecular states are equivalent pairs, each being
sums and differences of the other

| ,

Yor1e At small separation, the odd
~_®>—%— antibonding state is higher energy

| .

Wris ... and the even bonding

state 1S lower energy.






Molecular orbital approach
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Using atomic orbitals to add up

[sir. 0, ) = R(r) @%0) 8 u

-axis (2;1,-=1 )

3, 1,0 GB.1. =)
3.2, =D 3.2, =2)
3d

Which atomic orbitals can bond together?

(3.2.0) 3.2, %1) (3.2,%£2)



Sigma (o) Bonding/antibonding
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Sigma (o) Bonding/antibonding
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Pi Bonding/antibonding ()
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Fill up molecular orbitals

Figure 10,7 Filling of the |5 levels in molecular hydrogen and helium,

.‘I~

Atomic
' ‘ 1 level
Hy* H, He,* He,
(Does not form
molecule)

*From lower energy states to higher energy states
*Spreading electrons when degeneracies exist
*Bonding states are lower in energy than antibonding states, thus fill them first



Fill up molecular orbitals

Sigure 10.7 Filling of the |5 levels in molecular hydrogen and helium,
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*From lower energy states to higher energy states
*Spreading electrons when degeneracies exist
*Bonding states are lower in energy than antibonding states, thus fill them first
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Fgure 10.10 Molecular energy levels in nitrogen, oxygen, and fluorine.
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lonic Bond

Single 6s

L~ valence
/\ electron

\ Separated atoms @

|

I Cs

f
Nearly filled
n = 2 shell

|
\J lonic bond



sp3 hybridized orbital
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sp3 hybridized orbital
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sp3 hybridized orbital

sp’

W =, — Y,
1 V8
WYy = Yo + _ﬁ"sz - _th'px
1 V2 V6
Yy = P, +§'¢'zp 3 Tf"sz 3 "L’z;:y
1 V2 3
Wy =15, +§¢zp 3 Tf’sz 3 Tﬁ"z;,-:y




sp3 hybridized orbital




sp2 hybridized orbital




sp2 hybridized orbital




