Page I11-8-1 / Chapter Eight Lecture Notes

Bonding and X ;
Molecular 11
Structure: Lif o e L
Orbital B Y
Hybridization £ i3
and Molecular JL
Orbitals , & ,
Chapter 8 = 5

i
Chemistry 222 0 (AOs) o:():;low 0 (AOs)
Professor Michael Russell [Core electrons]

VAR Lastupaate:

Two Theories of Bonding
VALENCE BOND (VB) THEORY -  MOLECULAR ORBITAL

Linus Pauling (MO) THEORY - Robert
valence electrons are localized Mulliken
between atoms (or are lone valence electrons are
pairs) delocalized over entire
half-filled atomic orbitals overlap to molecule in molecular
form bonds. orbitals
electrons stabilized by 2 nuclei N <..I'. .
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Advanced Theories of

Chemical Bonding

Atomic Orbitals Molecules

Sigma Bond Formation by

Potential energy

436 K/mal
(bond strength)

Orbital Overlap
@ Significant overlap:
repulsion

Maximum
ST Some overlap: No overlap:
some attraction no attraction
(CONNCD), ©-©

74 pm

(bond length) Intemuclear distance (picometers)

Using Valence Bond Theory

Bonding in BF;
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Boron configuration
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planar triangle
angle = 120°
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Bonding in BF; Bonding in BF3
How to account for 3 bonds 120° apart ‘.‘.

using a spherical s orbital and p orbitals
that are 90° apart? 2s H 2p

Pauling said to modify VB approach with hybridize orbs. rearrange electrons

ORBITAL HYBRIDIZATION
[HINEgE

- mix available orbitals to form a new ;
set of orbitals - HYBRID ORBITALS - three sp ““l‘)‘.se‘li p
that will give the maximum overlap hybrid orbitals orbita
in the correct geometry.

MAR MAR
Bonding in BF3; Bonding in BF3;
z ‘
The three hybrid orbitals are made from1's e | . < : )
orbital and 2 p orbitals create 3 sp2 hybrids. threesp H qu-n e O X \’\

hybrid orbitals "'

Three electron pairs
sp?

An orbital from each F overlaps one of the sp2

|
K ‘\ ,(’f ‘ A ‘/be hybrids to form a B-F ¢ bond.
e 9 X \’\ o

Trigonal-planar

Now we have 3, half-filled HYBRID orbitals that
can be used to form planar B-F sigma bonds.

MAR MAR F
Bonding in CH, Bonding in a Tetrahedron -
Formation of Hybrid Atomic
How do we account Orbitals
for 4 C-H sigma
bonds 109° apart? u 4 C atom orbitals
Need to use 4 atomic hybridize to
orbitals - s, px, py, s\ form four
and p, - to form 4 e equivalent sp?
hz brid orbital hybrid atomic
new hybrid orbitals orbitals.

pointing in the
correct direction.

MAR MAR
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Bonding in a Tetrahedron -
Formation of Hybrid Atomic Orbitals

Q

&

) Bonding in CH,

A)’JPJ"% 1?\%?

rnz nd the three 2p orbitals or

4 C atom orbitals
hybridize to form
four equivalent sp3
hybrid atomic

] mmo
| orbitals. L Eaafafat
Four electron pairs g&i;a;e;::i;g‘
sp? > J;t) &omml
’ 109.5 Molecular model, CH,  Orbital representation
$. - ,}L
) \
MAR Tetrahedral CH, MAR
Orbital Hybridization
sp - » 180°
Bonds EPG Hybrid ~ REMAINING p orbs? @G- -H m )
2 linear sp 2p o ool
3 trigonal  sp? 1p ot P :
planar o M o
tetrahedral sp3 none ¢ o Tttt .
trigonal ~ spd Four elctron pais
bipyramid »° )
6 octahedral sp3d? - &, -0 ’;)J.
>
see: VSEPR Guide i *
MAR MAR
Sonding i Multiple Bonds
onding In
Gl Ci r?e Consider ethylene, C;H,
y H /H
120° \Cic «|sp?
/ AN
H ﬂ H H
H_ N_ Cl C\.. .
m T ;-
start J
finish
MAR MAR
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Sigma Bonds in C;H,

H /H
120° \C ——C ~—S5p 2
/ AN

H H

MAR

H T Bonding in C;H,

The unused p orbital on each C atom
contains an electron, and this p orbital
overlaps the p orbital on the neighboring
atom to form the 1 bond.

(AT L] 1]
S

2

2p 3sp 2 P

hybrid orb.

orbitals bond

MAR

o and 1t Bonding in C;H,

H1s N ;')\

orbital
HoCCh One (—C g bond Two C—C 7 bonds.

/ -0 00, .
3 R
—H 52 hybrdized © - =D
e stom g "

C;H; has a triple bond

MAR

H 1 Bonding in C;H,

The unused p orbital on

z

each C atom contains an ~
electron and this p orbital R "
overlaps the p orbital on

the neighboring atom to e il
form the m bond. = =

[l el [t (4]
25 2p 3sp? P

hybrid for s
orbitals bond

b.

MAR

Multiple Bonding in C,H,

Almost
9

Overlapping unhybridized
2p orbitals,

« »

Cs?
hybrid orbitals

ﬁ‘ H 1s P
orbtats ‘
e .

C—Cobond C—C xbond

(a) Lewis structure and bonding of (b) The C—H g bonds are formed by overlap of C (<) The carbon-carbon = bond s formed by

from overlap of sp? orbitals. the C—C bond axis.

MAR

Consequences of Multiple
Bonding

There is restricted rotation around C=C bond.

1 r: H
&3 £

(a) Free rotation can occur around the axs of 3 (b) In contrast, rotation is severely restricted

single (q) bon around double bonds because doing 50 vould
break the 7 bond,  process generally requiring
a great deal of energy.

MAR
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ethylene, CH,. atom sp? hybrid orbitals with H atom 15 overlap of an unhybridized 2p orbital on each
orbitals. The o bond betwezn C atoms arises atom. Hote the Lack of electron density along
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Consequences of Multiple
Bonding

Restricted rotation around C=C bond.

Molecular Orbital Theory

» Accounts for paramagnetism,
color, bonding

« Atomic orbitals delocalize into
molecular orbitals

* Bonding, Antibonding and
A\ Nonbonding orbitals
trans-2-butene Angle of Rotation

trans-but-2-ene * Quite complicated, need

computers; we will only look at
diatomics (2 atom systems)
from the first and second
periods only

N
b
&

gy (kJ/mol)

C

»
R
i
S

o
3

& Energy (kimo) &

(9

N
8

butane angle of Rotation

MAR n-butane MAR

Advantages of MO Theory

Dioxygen should be electron

Four Principles of MO Theory

paired (diamagnetic) by VB .. .

Theory, but dioxygen is Principle #1: )
actually paramagnetic. Number of Molecular Orbitals =
MO Theory accounts for Number of Atomic Orbitals
paramagnetism of O,

Two 1s orbitals from two hydrogen atoms
create two molecular orbitals in H,

Two 1s orbitals and two 2s orbitals from two lithium
atoms create four molecular orbitals in Li,

See Four Principles of MO Handout

Figure 10.16  Liquid oxygen. Oxygen gas condenses to a liquid at —183 °C ((gf2). Notice that liquid

MAR m(yqent v(s v;r%/ p?(l; b:ue l(]mv;yme), ]nyqen in the liquid state is paramagnetic and clings to the poles of a MAR
Molecular Orbital Type Four Principles of MO Theory
When two atomic 1s H orbitals combine, Principle #2:
a bonding (o) and antibonding (%) Bonding MO lower in if_‘erlgy than the
. rent orbi
molecular orbital forms . . parent ‘_) ta-
antibonding ¢ Antibonding MO higher in energy
“““i plane <'/ Q than the parent orbital
D 9 J9 -
&n Hatom, An H atom,
1s atomic orbital 1s atomic orbital . -
1o s Principle #3:
g (antibending) ~ Electrons of molecule assigned to
' ' ' w U successively higher MOs
+ —_ F N
AnH atom, AnH atom,
1s 1s -molecular orbital fsstamicorbitel s stomic obitel Use Pauli Exclusion Principle and Hund's Rule
MAR (bonding) bonding o MAR when assigning electrons
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MO Diagram for H,

Antibonding MO
z Molecular Orbital Atomic Orbitals
& Theory
Bonding MO

Two 1s electrons from two H atoms
occupy the o orbital in H,

MAR

Bond Order in MO Theory

| Bond Order = I, (# bonding e- - # antibonding e-) |

Bond Order >0,
99 stable molecule
'a Bond Order=0o0or <0,
S unstable molecule

/ Molecular %
) S orbitals )
B »‘>— -
s @ nH
Atomic S 1 — Atomic 2
orbital o orbital Bond Order =
12(2-0)=1;
stable

ENERGY

MAR

Four Principles of MO Theory

Principle #4:

Atomic orbitals combine to give
molecular orbitals only when the
atomic orbitals are of similar energy

Similar energy = better overlap

1s + 1s = good MO

1s + 2s = poor MO

2s + 2s = good MO

2s + 2p = poor MO

3s + 2s = poor MO
... etc. ...

MAR

MAR

MAR

MAR

MO Diagram for He,

Atomic Molecular Atomic
orbital orbitals orbital
: ) Antibonding MO

O1s
i

ENERGY

L ~+  Atomic Orbitals
He atom /* He atom
152 12 Bonding MO
He, molecule
(01)%(03,)

Two 1s electrons in o,
Two 1s electrons in ¢

Bond Order in MO Theory

Bond Order = 1/, (# bonding e- - # antibonding e") I

Atomic  Molecular  Atomic Bond Order > 0,

orbital orbitals orbital stable molecule
: N Bond Order=0o0r<0,
ST unstable molecule

ENERGY

: "; “‘. : In He,,
. 4 Bond Order =

He atom 7 Heatom
2 2
= : h(2-2)=0;
2 molecule
(6101 unstable

\ He, does not exist I

Example: Dilithium, Li,

Note: no overlap between
1s and 2s
Bond Order=1/,(4-2) =1

Stable molecule

Would you expect Be,
to exist? Why?
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p orbitals and x bonds

Three possible p orbitals on each atom - six total
p MO orbitals

Two p orbitals create 2 ¢ MO bonds

Four remaining p orbitals create 4 MO bonds

Four p atomic orbitals create
four = molecular orbitals,

n = bonding (2)

7" = antibonding (2)

... but there's a catch!

p orbitals and x bonds
For O, F and Ne,

o orbital lower energy than = orbitals
x* orbitals lower energy than o orbital

*.
O 2pz
—

2p, 2py 2p, o 2p, 2py 2p,
Oz
O2s
<°Z>
1s 011: 1s
Paramagnetism

Paramagnetism exists when unpaired
electrons in MO diagram

LN
w0
min g miim
)
0, is paramagnetic; _nl:!’:

unpaired electrons
in two " orbitals

2 i
|} L
o atomic
ortitals oy ObitaIs
L]

Moleoular Orbitals

[Core electrons]

p orbitals and & bonds

For B, C and N,
n orbitals lower energy than o orbital

«* orbitals lower energy than o orbital

o

|
T op
2p -! 2p
[ | [} e L L
.
g W

Example: B, o

i
Bond Order =1 uﬁ:ﬂ& ,y;,m;
L]

Molecular Orbitals

[Core electrons]
MAR  See MO Diagram (B, - N,) Handout

p orbitals and & bonds

For O, F and Ne,
o orbital lower energy than = orbitals

«* orbitals lower energy than o" orbital

.BQQP
o
L SN
[ P
<2
3 m

Example: O, R
L L
oars st
Bond Order =2 o

Melecular Orbitals

[Core electrons]
MAR See MO Diagram (B, - N,) Handout

Paramagnetism

Paramagnetism exists when unpaired
electrons in MO diagram

. S*ap
""*29
2p .. 2p
HEE i NN
. . . .
N, is diamagnetic; & o
2: =
| | u
vt ../ s
L

all electrons paired
Weleouar Grbitsls

[Core electrons]
MAR
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Molecular Orbital Notation
Used to abbreviate the MO diagrams

+ Ignore core electrons
* Write in order of increasing energy

s
] ]
o For N,:

Molecular Orbitals

[Core electrons] ‘ [core electrons](o2s)2(0"2s)2(m2p)*(02p)?

MAR

MO Diagram for Diatomics

Large 25-2p interaction Small 25-2p interaction

z
&

=
\i

FEEE

=EgoHole
EEEEHD|-

1
155
131 143
Diamagnetic Diamagnetic Paramagnetic  Diamagnetic

& 911

- BEEEE

Note: all should have [core electrons]

Changes in MO diagrams due to
MAR s-p mixing and/or electron repulsion

lonic Diatomic Molecules

Predicting lonic Diatomic MO diagrams simple

Use Hund and Pauli
Example: O,
P 2 n
_ ) o
Using the O, diagram on E} sy 2
the right, - “'.;IZP -
1]

where would you place
the extra electron? L

2 ~I0
Is Oy~ more or less stable L] e
than 0,? Why? orints & ftse

Molecular Orbitals

Energy

MAR [Core electrons]

MAR

MAR

MAR

Sigma and Pi Bonds
Determine sigma and pi bonds using:
# o bonds =1/, (# o bonding e- - # o antibonding e-)
# t bonds = 1/, (# = bonding e- - # = antibonding e-)

and
# o bonds + # n bonds = bond order B
/-mi\
g
N m@?”

For Ny [core electrons](02s)%(0"2s)2(mt2p)*(02p)2

%2

o
# 6 bonds = 1/y(4 - 2) = 1 5 bond S
#  bonds = 1/,(4 - 0) =2 7 bonds Ii/

bond order =1/,(8 -2) =3 =10 + 2 7 bonds """

lonic Diatomic Molecules

Predicting lonic Diatomic MO diagrams simple

Use Hund and Pauli
Example: O,* Il.i;:p
min < g S mim

Remove electron from
7'3p Orbital

Sz

Energy

S%2s
25

i T a
Check bond order, Atomic o
paramagnetism i s i

Molecular Orbitals

[Core electrons]

Application: Vision

Molecular Orbital Theory helps to
describe the process of vision -
photochemistry
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Application: Band Theory End of Chapter 8

In metallic bonding, electrons delocalized
over metallic lattice - a sea of electrons

MO energies identical, excellent overlap s
ee:

» Chapter Eight Study Guide

» Chapter Eight Concept Guide
* Important Equations (following

Helps explain conductivity, malleability, more

{ this slide)
. ° * End of Chapter Problems
- (following this slide)
MAR MAR
Important Equations, Constants, and Handouts End of Chapter Problems: Test Yourself

from this Chapter:

Valence Bond / Hybridization

Th - # f hybridizati Be sure to view practice problem set #2 and self quizzes for
« the bond order, bond ( EOryz. yfe)s o hy ri 'Za '_on MO theory and Valence Bond theory examples and practice
sp, sp?, etc.), sigma and pi
energy and bond length . .
h . . 1. the electron-| lecul try f h of th
relationships still apply to bonds Specify the electron-pair and molecular geometry for each of the

following. Describe the hybrid orbital set used by the central atom in each
molecule or ion.
. ) a.BBr3 b. CO2 c. CH2Cl2 d. XeFs
Molecular Orbital Theory: 2. Use MO theory to tell which has the largest bond order: C2 or F2. Are
bonding and antibonding either species paramagnetic?
orbitals, sigma bonds and pi . blvshe hr:IO theory t(cj) spetculate obn t:ﬂeoeﬂstenceBof diligﬂu‘m.

: . ich compound is stronger by theory: Bez or B2*1.
b?nds’ par.amagnetlc and . Describe the hybridization change on carbon as methane (CHa) is burned
diamagnetic, the “NBC” vs.

, to create carbon dioxide.
“FONe” diagrams

both theories

know the advantages and
disadvantages of the
Valence Bond and Molecular
Orbital theories

see the Geometry and
Polarity Guide and the two
Molecular Orbital Theory
diagrams (NBC and FONe)
(handouts)

[S NN

1
bond order (MO theory) = E(# bonding e~ — # antibonding e~)

MAR MAR

End of Chapter Problems: Answers

1. a. trigonal planar, trigonal planar, sp2. b. linear, linear, sp. c. tetrahedral,
tetrahedral, sp3. d. octahedral, square planar, sp3d2

. BO(Cz2) = 2, diamagnetic. BO(Fz) = 1, diamagnetic.

. By MO theory, dilithium (Liz) should exist (BO = 1, diamagnetic.)

. MO theory would predict that B2*'(bond order = 0.5, paramagnetic) is
stronger than Be: (bond order = 0, this should not exist at all.)

. sp3tosp

BwN

o

Be sure to view practice problem set #2 and self quizzes for
MO theory and Valence Bond theory examples and practice

MAR
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