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Chapter 1
Electronic Structure and Bonding

Ch. 1: Important topics/concepts

Covalent Bonds: polar, or nonpolar (electronegativity)
compare polarity of bonds, such as H-C vs H-N vs H-O vs H-F

Structures: Lewis structures (Kekule, condensed, skeletal)
properly placing lone pairs of e, formal charges

H H F
\ \ | .
O—BF; = /O—?—F = ? Lone pairs?
H H F Formal charges?
condensed skeletal Lewis

Bonds: ¢ and it bonds (single bonds, double bonds, triple bonds)
o formed by orbital overlap, s+s, s+p, p+s, or hybridized
n formed by overlap between p orbitals

double bond = 1 obond +1 & bond

triple bond = 1 obond+ 2z bonds




Ch. 1: Important topics/concepts

Hybrid orbitals: s and p orbitals mix to form new hybrid orbitals
(comes from valence-shell electron-pair repulsion (VSEPR) theory
explains geometry of CH, and many other molecules

Geometry (shape of molecules):
CH,: tetrahedral, four sp? orbitals, bond angle 109°,
H,C=CH,, ethylene, three sp? orbitals, one p orbital, bond angle ~120°
HC=CH, acetylene, two sp bonds, 2 p orbitals, bond angle 180°
Bond length and strength: shorter bonds are stronger.

METHANE ETHYLENE

( ACETYLENE
aH, Y

o =

»

The Distribution of Electrons in an Atom

quantum
numbers | Table 1.1 Distribution of Electrons in the First Four Shells
n First shell Second shell | Third shell Fourth shell
! Atomic orbitals s S, p s, p,ld s, pdf
Number of
m atomic orbitals I 1,3 13,5 1,3,5,7
2 e per | Maximum number 5 ] 18 30
orbital | of electrons

* The first shell is closest to the nucleus.
* The closer the atomic orbital is to the nucleus, the lower its energy.
* Within a shell, s lower in energy than p.
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2s orbital, presents

only one phase for overlap
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2p, orbital

2py orbital
lobes with opposite phases

2p, orbital
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Side-to-Side Overlap of In-Phase p Orbitals

Forms a m Bond

> F
< / N
b / \
S / \
/ \
o
E= \ /
3 \ /
© LY ’
g 5 /
£ \ e
\ : ? K 3
2p atomic 2p atomic
orbital orbital

‘ N
\nodzg\l ’vplane/
T
—— nodal plane

7* antibonding molecular orbital

P

Z—nodal plane)
—nodal plane)

7 bonding molecular orbital

2s, 2p,, 2p,, 2p,

Methane (CH,)

+9 - ,\
1s J

ball-and-stick model

.C. - .C. .H TR
oo . all4C—H
bonds are p =
\lrdentlcaliz\/ _~1.10 A)
+ the 4 C-H bonds have the same length (~1.1 A). \/C.,,,“’H
0 H
+ all the bond angles are the same (109.5°) \H)mg.so

perspective formula
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Methane (CH,)

why tetrahedral?

ok -
me- QL
| | + 1s ‘ J

2s, 2p,, 2py’ 2p, ball-and-stick model

(] .H
.9. — .Q. /BTC_H\
_bond_s are| o - N
Jdentical //.’J,10,&J
the 4 C-H bonds have the same length (~1.1 A). \)C"""'H
all the bond angles are the same (109.5°) ! \H)mg.s"

perspective formula

1) hybridization

2) valence shell electron pair repulsion (VSEPR) theory:
O bonds and lone pairs (¢*) as far apart as possible

In Order to Form Four Bonds, Carbon Must Promote an Electron

(an electron in the s orbital is
\promoted to the empty p orbital

20 T~ 1T 1
Ti p )4 P promotion T p p P
_—
s A s \
(carbon’s valence electrons carbon’s valence electrons
{before promotion after promotion
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In Order to Form Four Bonds, Carbon Must Promote an Electron

(an electron in the s orbital is
promoted to the empty p orbital

Yy

p

~—
/
/

[

N

(carbon’s valence electrons
{before promotion

promotion
promotot 1

p p p
K
[carbon’s valence electronsj

after promotion

Four Orbitals are Mixed to Form Four Hybrid Orbitals

T 17 1

T p p p
s

(4 orbitals are hybridized)

hybridization T T T T
- sp

(a hybrid orbitals are formed)

1s + 3p =4 sp? orbitals

The Carbon in Methane is sp?

L&

p p P

o

s

(the sp3 orbitals are more stable)
than the p orbitals and less
stable than the s orbital Y,

\3

|
V

&
JJJM\\\\\\\\

y y
3

sp? sp’ sp? 3

sp

(whenansandap) (...the s orbital adds to one'
| orbital overlap... | \lobe of the p orbital...

(.and subtracts from the |
other lobe of the p orbital
to form a hybrid sp* orbital

note, it is 1 s orbital
mixing with 3 p orbitals (3:1 ratio)

Mg ©

sp? carbon is tetrahedral.
The tetrahedral bond angle is 109.5°.
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The Bonding in Ethane

H H
| H 109.6° H
H Ill H\“"/ “‘J\\ )
1154 Al -
ethane perspective formula ball-and-stick model

| by sp3-s overlap

(C—C bond formed\‘

{ by sp3-sp3 overlap )

another type of ¢ bond: by overlap of two sp? orbitals

sp3 atomic sp3 atomic
orbital orbital Sp3 _ Sp3 o bond

increasing energy

End-on Overlap of Orbitals
Forms a o0 Bond

o >

o* antibonding molecular orbital

/ \
/ \
/ A\
/ \
/7 AY
/ \
/I \\
3 N / 3
sp” atomic \\ / sp” atomic
orbital

orbital \ ' /
\, /

o bonding molecular orbital
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Ammonia (NH,)

N

@itrogen's valence electrong

Nitrogen has 3 unpaired valence electrons and forms 3 bonds.

Nitrogen does not have to promote an electron.

The Bonds in Ammonia (NH,)

If N used p orbitals to form bonds, the bond angles would be 90°.

The observed bond angles are 107.3°,
so nitrogen must used hybridized orbitals.

(this orbital) (these 3 orbitals )

contains a are used to form
\lone pair ) (bonds )
1/ 7
\/ ,—/%
T T T hybridization TJ/ T T T
1 p P P y s sy s spd
K

(4 orbitals are hybridized)

:4 hybrid orbitals are formedj‘

1/22/18



o~

Ammonia

Representations of Ammonia

in an sp3 orbital
L

H

oo rvrreers ceacy
lone-pair electrons are

with the s orbital of hydroge
N/

) bond formed by the overlap
of an sp3 orbital of nitrogen
n

nH
\H)1o7.3°

9

i\ng ball-and-stick model electrostatic potential map

The Ammonium lon (*NH,)

Representations of the Ammonium lon

H
+
H/N\""H
H 109.5°
v
*NH, ball-and-stick model electrostatic potential map
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Water (H,0)

@xygen’s valence eIectronsD

Oxygen has 2 unpaired valence electrons and forms 2 bonds.

Oxygen does not have to promote an electron.

The Bonds in Water (H,0)

The observed bond angles are 104.5°,
so oxygen must used hybridized orbitals.

(these 2 orbitals) (these 2 orbitals )

each containa | | are used to

\lone pair ) formbonds )
\\"‘J :\//
LS A NI (R TN B
’H P P P hybridization o P 5 o
s
(4 orbitals a;(; hybridized) \4 hybrid orbifa;Is are formed>
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Water

Representations of Water

of an sp3 orbital of oxygen
with the s orbital of hydrogen)

(bond formed by the overlap
D
n

—
lone- palr electrons .
\are in sp> orbitals

i
\J \ )1 04.5°

o

H,0 ball-and-stick model electrostatic potential map

The Bond in a Hydrogen Halide

. 1 1

d Tl p p p

hydrogen fluoride
Ca halogen’s valence eIectronsD
A halogen has 1 unpaired valence electron and forms 1 bond.
hydrogen chloride

A halogen uses hybrid orbitals.
* The 3 lone pairs are energetically identical.
* Lone pairs position themselves to minimize electron repulsion.
hydrogen bromide

these 3 orbitals each contain)
alonepalr
[
this orbital
O A A A

R4 P abond
-

hydrogen iodide

A

A . A
@ orbitals are hybridized) (4 hybrid orbitals are formed)
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Hydrogen Fluoride

Representations of Hydrogen Fluoride

H—E: H

perspective formula ball-and-stick model electrostatic potential map

Overlap of an s Orbital
with an sp? Orbital

overlap of the s orbital /overlap of the s orbital overlap of the s orbital of
of hydrogen with a 3sp| | of hydrogen with a 4sp3 \hydrogen with a 5sp orbital
{orbital ) \orbital Y, \ |

of hydrogen with a 2sp
orbital

overlap of the s orbital:j
€

A /. / \
O../" O e O y O -

H—F H—Cl H—Br

mthe region of orbital overlap >
BT Gecessing bond svensin )

| reesing bordergth >
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The Length and Strength of a
Hydrogen Halide Bond

Table 1.6  Hydrogen—Halogen Bond Lengths and Bond Strengths

Hydrogen halide Bond length Bond strength
(A) (kcal/mol)
H)
H—F - \;\F 0917 136
)
H:
H—Cl O 1.275 103
»  Clo
H—Br R \B 1415 87
p B
H—I “o 1.609 71
e

Ethene (Ethylene): double bond
double bond = ¢ bond + = bond

H H
/
C=C
/ \
H H

need a p orbital!

Carbon bonds to 3 atoms, so it needs to hybridize 3 atomic orbitals.

/ﬁ
an unhybridized
T//\p orbital )

T T T hybridizati T
T 4 p 4 ybridization 2 2 2 4
s S GE——
-

AN
(3 hybrid orbitals are formecD

) A i
(3 orbitals are hybridized\

1s + 2p =3 sp? orbitals
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An sp? Carbon Has Three sp? Orbitals
and One p Orbital

a. b. : o -
( : | the p orbital is perpendicular
/\1 20° | ;[to the plane defined by the

\\v sp?2 orbitals

o> @ o

view side view

The Bonding in Ethene

([ ——
a. o bond formed ‘ b.
by sp2-s overlap

(the  bond's 2 electrons
can be found anywhere in
@ \ \@ the purple regions
\ ,
73 o R
a' 7 bond 1 formed by
sp2 sp2-sp? overlap )

‘theZpo btalsa re \‘
parallel to each other)

Rad

\n- bond) a- bond
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Ethene

Representations of Ethene

(‘a double bond {H 121.7° H ( C [
consists of
one o bond and( C—C 1166 . .
(one  bond
H 1 33 A‘ H
perspective formula ball-and-stick model space-filling model  electrostatic potentlal map

Ethyne (Acetylene)
triple bond = o bond + 2z bond

H—C=C—H

need 2 p orbitals!

. . X . 2 orbitals are left
Carbon bonds to 2 atoms, so it needs to hybridize 2 atomic orbitals. unhybridized

—

1 1 1 ) T 1

T p )4 p hybridization p P
_— sp sp
s |

—

(2 hybrid orbitals are formed)

(2 orbitals are hybridized

1s + 1p = 2 sp orbitals
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The Two sp Orbitals Point in Opposite Directions;
The Two p Orbitals are Perpendicular

The Bonding in Ethyne

the purple p orbitals)

/ are perpendicular to
the blue p orbitals

b.

a. o bond formed by
180° sp—s overlap

YN

o bond formed by ‘
sp-sp overlap

\H

1/22/18

15



Ethyne

Representations of Ethyne

it N = ) (coe:
(atriple bond \ I /
consists of one /_ °/ -

o bond and
two 7 bonds

perspective formula ball-and-stick model space-filling model electrostatic potential map

The Carbon in the Methyl Cation and
in the Methyl Radical are sp?

Representations of Methyl Cation

| @

angled side view top view
*CH, ball-and-stick models

J ernptyp orbital is

electrostatic potential map

Representations of the Methyl Radical

) P orbltal contains the |

~\unpaired electron
bond formed by‘
\sp 2-s overlap R\
H=—C
A h\H

angled side view top view
+CH; ball-and-stick models

electrostatic potential map
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The Carbon in the Methyl Anion is sp?3

Representations of the Methyl Anion

N .

/lone-pair electrons
|
>

\%\are in an sp3 orbita

y:

Lbond formed by ) \“
C

sp3-soverlap m
| .
H>/ \ ""H \
H J

ICH3 ball-and-stick model electrostatic potential map

Quick generalizations:

1) lone pairs (**) and o bonds will be on hybridized orbitals
2) e» + obonds = number of hybridized orbitals (made of 1 s and p orbitals)
3) everything else (a radical e, « bond, positive charge) - non-hybridized
(usually on a p orbital)

1/22/18
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Quick generalizations:

1) lone pairs (**) and o bonds will be on hybridized orbitals
2) e» + obonds = number of hybridized orbitals (made of 1 s and p orbitals)
3) everything else (a radical e, « bond, positive charge) - non-hybridized
(usually on a p orbital)

what is the hybridization of each C and N atom in nicotine?:

\

Quick generalizations:

1) lone pairs (**) and o bonds will be on hybridized orbitals
2) e» + obonds = number of hybridized orbitals (made of 1 s and p orbitals)
3) everything else (a radical e, « bond, positive charge) - non-hybridized
(usually on a p orbital)

what is the hybridization of each C and N atom in nicotine?:

\
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Hybridization of C, N, and O

CH; g

.o .o .o .o P D .
CH,—NH, \C:N—NHZ CH;—C=N:  CH;—OH CH; CH; :0=C=0:

CH,

Hybridization of C, N, and O

CH, |

.o .o .o .o N D .
CH,—NH, \C:N—NHZ CH;—C=N:  CH;—OH CH; CH; :0=C=0:

CH;
(NS R T SR NS O N R AR N )
I

3 3 3 2 2 3 3 3 3 3 2 3
sp Sp Sp Sp- Sp Sp sp spSp sp Sp Sp sp- Sp
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Hybridization and Molecular Geometry

H H H H
N \ #
H C—C\‘ /C=C\ H—C=C—H
gk i H
sp3 sp? sp
109.5° 120° 180°
tetrahedral trigonal planar linear

The orbitals used in bond formation determine the bond angle
for each atom in a molecule.

Do the sp? and the indicated sp, carbons lie in the same plane?

. L
e

| v
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Bond Strength and Bond Length

The more bonds holding 2 atoms together,
the stronger and shorter it is.

HooH

\
He C—C\‘H

|
Q
-l
Q
|
s
o]
e

I\
|
S

‘ strongest bond) ‘ “/weakest bond)
shortest bond longest bond

bond strength decreases as bond length increases

The greater the electron density in the region of overlap,
the stronger and shorter the bond.

/greater electron density\
in the region of orbital

Loverlap
.xp;—.\/) ! .\p\'—' s
Cc—C C—H
"Ionger and) ‘shorter and’
stronger

\weaker
the greater the electron density in the region of orbital
overlap, the stronger and shorter the bond

Hybridization Affects
Bond Length and Bond Strength

strongest bond
shortest bond
C—H C—H
/ N )
N 2 (<3
sp | sp ‘ sp
50% s 333%s (25% s

bond strength increases as bond length decreases

weakest bond
longest bond

)

C—H

The more s character in the orbital,
the stronger and shorter is the bond.

1/22/18
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Hybridization Affects the Bond Angle

o . 180°
H{ B%.S:SH g 120° o m
ctc=H C HLC=C—H

H

\Ci /
/ \

o % H \_/\ H
sp? \w sp

s 50% s

bond angle increases as s character in the orbital increases

33.3%

The more s character, the greater the bond angle.

Hybridization, Bond Angle,
Bond Length, Bond Strength

Table 1.7 Comparison of the Bond Angles and the Lengths and Strengths of the Carbon-Carbon and Carbon-Hydrogen Bonds in Ethane, Ethene, and Ethyne

ethene

H—C=C—H
ethyne

= q
Hybr

carbon

sp

ion of

Bond angles

109.5°

120°

180°

Length of
C—C bond
@)

1.54

1.33

1.20

Strength of
C—C bond
(kcal/mol)

90.2

174.5

230.4

Length of
C—H bond
&)

1.10

1.08

1.06

Strength of
C—H bond
(kcal/mol)

101.1

110.7

133.3
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Summary

The shorter the bond, the stronger it is.

The greater the electron density in the region of

orbital overlap, the stronger the bond.

The more s character, the shorter and stronger the bond.

The more s character, the larger the bond angle.

A m Bond is Weaker Than a o Bond

\C_C/
/ A N
strength of the double bond = 174 kcal/mol

strength of the sp?>—sp? o bond =-112 kcal/mol
strength of the # bond = 62 kcal/mol

a 7 bond is weaker than a o bond

1/22/18
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Dipole Moments of Molecules

the 2 bond dipole moments
cancel because they are
identical and point in
opposite directions

the bond dipole moments
cancel because all 4 are
identical and project
symmetrically out from
carbon

carbon dioxide

carbon tetrachloride
n=0D

n=0D

Dipole Moments of Molecules

the 4 bond dipole Cl

..\ \
moments point in ‘ \'#
the same general IC — (/"X\O‘\F \N ‘I\F
direction o 1O Ry e
I I H»\// '\(\ nH 5 H H,\//' '&(\ H
Q
chloromethane water ammonia
w=1.87D ©=1.85D w=1.47D
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Period

= o -~ w n

~

ELECTRONEGATIVITY OF ELEMENTS

Electronegativity increases

N
3.04
Mg Cl
113 3.16
Sc Mn Br Kr
1.36 1.55 296 3.00
Ir
1.33
* Hf
1.3

e M mEE D RSB0
ini ** Th Pa U Np Cm Bk C Es Fm Md No Lr
NS . 13 15 138 1,5.. Al N el e e e Nl

Differences in electronegativity between atoms lead to polar bonds
The bigger the difference, the more polar the bond

1/22/18

25



