-

Chapter 1

Bonding and Molecular Structure

Carbon Compounds, Chemical Bonds and Hybridization

Slides are prepared by \‘ :
Dr. Heba Abbas Kashmery R
raham SWig B Fryhle, 1‘\ "

Based on Organic Chemistry,




Why Th|s Organic chemistry plays a role in all aspects of
human lives including medicine, bioengineering
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By the end of this chapter, student will be able to:

 Know the development of the science of organic chemistry.

 Understand the principles that determine how the atoms in organic
molecules are bound together.

* Define the electronegativity and its effect on chemical bonding.

* Differentiate between ionic, polar and non-polar covalent bonds in a
molecule.

e Identify the isomer

 Draw dash, condensed and bond-line, 3D structures of organic compounds.

* Identify the hybridization of carbon, nitrogen and oxygen atoms in a

molecule.

* Determine the geometry, bond types and angles around atoms in a
molecule.

e Compare bond lengths between C-C and C-H in alkanes, alkenes and
alkynes.

* Recognize the effect of the type of hybridization on the acidity.
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* Introduction of Organic Chemistry

e Structural Theory

* Chemical Bonds, Electronegativity and the Octet Rule
* |somers

* Representations of Structural Formulas

* Electron Configuration

e Hybridization

* The Structure of Methane and Ethane

* The Structure of Ethene

* The Structure of Ethyne

* Bond Lengths of Ethyne, Ethene and Ethane

* The Effect of Hybridization on Acidity
 Geometry of Ammonia, Water and Carbon dioxide
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Organic Chemistry

C

* The chemistry of the compounds of carbon.
 The human body is largely composed of organic compounds.

e Carbon has the ability to form strong bonds to other carbon atoms and
other elements such as hydrogen, nitrogen, oxygen, and sulfur.

 This property allows carbon to form the backbone of organic

compounds, carbon-containing compounds, which are the basis of all
known organic life.

CH,OH

—0_ OH

I/H \I
OH H
‘ Hg)\c_c/l
- Ty
proteins carbohydrates
O H H H H H H H H H
C—C—C—C—C—C—C—C-C—C—H
O | I | | |
| H H HHH H H H H
2 lipids nucleic acids
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Organic and Inorganic Carbon

é R

They are derived from
nonliving components, and
natural inorganic processes.
Examples: allotropes of
carbon (graphite, diamond,
etc.), carbon monoxide CO,
carbon dioxide CO,, and
salts of inorganic anions
such as carbonate CO,* .

Inorganic Compound

They are derived from or
produced by living
organisms and have

carbon-hydrogen covalent
bonds.

Compounds of carbon with
itself, hydrogen and other
elements

Organic Compound
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Vitalism and Organic Chemistry

* It was originally thought organic compounds could be made only by
living things by intefvention of a “vital force” :;’,

* Fredrich Wéhler disproved yitalism in 1828 By making the organic
compound urea from the\ inorganic salt ammonium cyanate by

evaporation ’,;*/ o
- 97
NH,*NCO~ & et (":
) H,N~ NH,
Ammonium cyanate Urea @
O NATURAL
‘ CHEMISTRY .

Ve

Despite the demise of vitalism in science, the word \ flau-\b ",

“organic” is still used today by some people to mean .o
“coming from living organisms”
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O
heat ”

NH,*NCO~ — C
) H,N" "NH,

Ammonium cyanate Urea

Write the structure of Ammonium cyanate?

7/ N\
wWHy W
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¢ Structural Theory

® Central Premises—+ ¢~

O Valency: atoms in organic compounds form a fixed number
\}?\a” of bonds

p
—(|: — —— He== (]~
Carbon atoms Oxygen atoms Hydrogen and halogen
are tetravalent are divalent atoms are monovalent

—

O Carbon can form one or more bonds to other carbons

Carbon-carbon bonds

| \ 7
Ce=aC C=C O
] / \

Single bond Double bond Triple bond
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=) 3>
¢ Chemical Bonds: The Octet Rule

® Octet Rule

0 Atoms form bonds to produce the electron configuration of
a noble gas (because the electronic configuration of noble
gases is particularly stable)

O For most atoms of interest this means achieving a valence
shell configuration of 8 electrons corresponding to that of
the nearest noble gas

O Atoms close to helium achieve a valence shell
configuration of 2 electrons

0 Atoms can form either ionic or covalent bonds to satisfy
the octet rule
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Periodic Table of the Elements

Atomic Nomber —e

«— Symbol
Nome —»

Aomic!
Electrons per shell —» = o

Subcategery in the metal-metalloid-noametal tread (coler of background)
1 Alkali metals W Lanthanides I Metalioids 17 Unknown chesnical properties
W Alalioe earthmetals 1 Actinides 1 Reactive nonmetats
1 Transition metals 1 Post-transiticnmetals ' Noblegases

3 7 8 9 10
vie vig viis viig viie

wan

PRES
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o?’ 3\ Electronegativity
0,//} O Electronegativity is the ability of an atom to attract electrons
O It increases from left to right and from bottom to top in the

periodic table (noble gases excluded)

O Fluorine is the most electronegative atom and can stabilize
excess electron density the best

Increasing elect
vy
td

H

2.1 QUICKQHPS
Li Be B C N 0 F <
1.0 1.5 2.0 2.5 3.0 3.5 4.0 Increasing_ Helpful to understand
Na Mg Al Si P S Cl electronegativity the properties and
0.9 1.2 1.5 1.8 2.1 2.5 3.0 reactivity of organic
' molecules
K Br
0.8 2.8

12
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Compound

Components
I I
Metal & Non- metal Non-metals Metals
Electronegativity
Difference >1.8 Only Only
lonic Bonding Metallic Bonding
| | 000
Electronegativity Electronegativity @ @ E
difference =0-0.4 difference = 0.4-1.8
Covalent Bonding Polar Covalent Bonding
.0 0.0 e
@ * ¢ ° a2
@) Cl e O o
@ s o H® _eH
e o0 -
13
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3’78 lonic Bonds
o O When ionic bonds are formed atoms gain or lose electrons to
achieve the electronic configuration of the nearest noble gas
O In the process the atoms become ionic
0 The resulting oppositely charged ions attract and form ionic
bonds
O This 'generally happens between atoms of widely different
electronegativities
0 Example

O Lithium loses an electron (to have the configuration of helium)
and becomes positively charged

O Fluoride gains an electron (to have the configuration of neon)
and becomes negatively charged

O The positively charged lithium and the negatively charged
fluoride form a strong ionic bond (actually in a crystalline

lattice)
- /‘\\_f( //. .\\_‘ /.'.\\
C ‘ / 7
L / /\\. e //\.\0 //\\.+ 0/ ’\\O \O
.. | gl [ [ i [
— A —Y & (1 Li ® \t .\ \ E ® o \ Li ® ci o |\ E ® o
\ \ ./ k. _id \
\ P N / N /
S—— e e e e
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ﬂpu wl/
® Covalent Bonds

O Covalent bonds occur between atoms of similar
electronegativity (close to each other in the periodic table)

O Atoms achieve octets by sharing of valence electrons
0 Molecules result from this covalent bonding

0 Valence electrons can be indicated by dots (electron-dot
formula or Lewis structures) but this is time-consuming

0 The usual way to indicate the two electrons in a bond is to
use a line (one line = two electrons)

H, H- + ‘H——H:H or H—H

Cl, :Cl-+ -Cl: —> :Cl:Cl:  or  :Cl—Cl:

H
. H |
CH, ‘C-+4H-—H:C:H or H—C—H
H |
H
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® Polar Covalent Bonds

® Polar covalent bonds occur when a covalent bond is formed
between two atoms of differing electronegatlwtles
0 The more electronegative atom draws electron density closer to itself

O The more electronegative atom develops a partial negative charge (6-)
and the less electronegative atom develops a partial positive charge
(6+)

O A bond which is polarized is a dipole and has a dipole moment

O The direction of the dipole can be indicated by a dipole arrow

0O The arrow head is the negative end of a dipole, the crossed end is the
positive end

(positive end) +—> (negative end)
loss _ moge

e Example: the molecule HCI

0 The more electronegative chlorine draws electron density away
from the hydrogen

0 Chlorine develops a partial negative charge S+ o H— C]
H : Cl:
less 4 mege

Chapter 1 16



Penodlc Table of the Elements

UICK

¢

(@) Na (b) CI (c) Si (d) B (e) Ne (f) N

(@ Si, O (b) N, C (¢) Cl Br (d)(SL,_P

or covalent.
(a) KCI (b) F> (c) PH; (d) CBr,
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¢ Isomers
O Isomers are different molecules with the same molecular
formula
0 Many types of isomers exist
0 Example

0 Consider two compounds with molecular formula C,H;O
C:2

».. O These compounds cannot be distinguished based on molecular
d:4 formula; however they have different structures

0 The two compounds differ in the connectivity of their atoms

H H H H

| | |
H—C—C—0—H H—C—O0—C—H

| | |
H H H H

Ethyl alcohol Dimethyl ether
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® Constitutional Isomers
0 Constitutional isomers are one type of isomer

O They are different compounds that have the same
molecular formula but different connectivity of atoms

0 They often differ in physical properties (e.g. boiling point,
melting point, density) and chemical properties

Ethyl Alcohol Dimethyl Ether
C,H:O C,HsO
Boiling point (°C) 78.5 —24.9
Melting point (°C) =1 .3 —138
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Which of the following compounds are constitutional isomers of one another?

AR > n o1 G N
: . ) C
. iy Hs /\/OH %V\" FZ
’ o

A B C D E

ANSWER: First determine the molecular formula for each compound. You will then see that B and D have the same
molecular formula (C4HgO) but have different connectivities. They are, therefore, constitutional isomers of each other.
A, C, and E also have the same molecular formula (C3HzO) and are constitutional isomers of one another.
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¢ Representations of Structural Formulas

O Dot formulas are more cumbersome to draw than dash
formulas and condensed formulas

0 Lone-pair electrons are often (but not always) drawn in,
especially when they are crucial to the chemistry being

discussed
H H
H H I y
H:C:0:C:H = H—C—O0—C—H = CH,0CH,
H H | |
H H
Dot structure Dash formula Condensed formula
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® Dash Formulas

O Each dash represents a pair of electrons
O This type of representation is meant to emphasize connectivity and does not
represent the 3-dimensional nature of the molecule

0 The dash formulas of propyl alcohol appear to have 90° angles for carbons which
actually have tetrahedral bond angles (109.5°)

O There is relatively free rotation around single bonds so the dash structures
below are all equivalent

H
/ H
H HH H H HO H H H
N/ N/ N TNl L |
@ & H or C @ or H @ (@)
H/\/\O/ H/\/\H Q.
C c ¢ C
PN 7N 2N N
H H H H H HH H

Equivalent dash formulas for propyl alcohol

O Propyl alcohol (above) is a constitutional isomer of isopropyl alcohol (below)

H
H (l) H H H H H WYs=H
H—(lf (If (lf H or H—é—é——C'—H or H—C|—(|Z—H
b hoo o h
I|{ H—C—H
h

Equivalent dash formulas for isopropyl alcohol
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have seen two of them in propyl alcohol and isopropyl alcohol. Write a dash formula for L b :
the third isomer. p,c—q -O—-C—\
...................................................................................................................................... Mo

B OO ENEVERA Write . dash structural formula showing all valence electrons for CH,CHO

oo (acetaldehyde).
e I e {l .........................................................................................................................................
n—C-c—H
b
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® Condensed Structural Formulas

d
d

d

In these representations, some or all of the dash lines are omitted

In partially condensed structures all hydrogens attached to an atom are
simply written after it but some or all of the other bonds are explicitly shown

In fully condensed structure all bonds are omitted and atoms attached to
carbon are written immediately after it

For emphasis, branching groups are often written using vertical lines to
connect them to the main chain

H H H H
H—CI—(|3—(|3—C|—H CH,CHCH,CH, or CH,CHCICH,CH,

hodh ¢
Dash formula Condensed formulas

H H H CH,CHCH, CH,CH(OH)CH,
H—C|—C|—C|—H OH

}|~I é PII CH,CHOHCH; or (CH,),CHOH

h
Dash formula Condensed formulas
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»ee SOLVED PROBLEM 1.8

ANSWER:

CH3sCHCH,CH; or CHaCH(CH);CH,CHs or (CHs),CHCH,CH3

|
CHs

or  CHyCH,CH(CHg), ‘or J CHsGH,CHCH, Correct this please

C A C HQ‘GH— C-H-3
CHly .



® Bond-Line Formulas

O A further simplification of drawing organic molecules is to completely
omit all carbons and hydrogens and only show heteroatoms (e.g. O,
Cl, N) explicitly

O Each intersection or end of line in a zig-zag represents a carbon with
the appropriate amount of hydrogens

O Heteroatoms with attached hydrogens must be drawn in explicitly

CH, CH,
NN
CH,CHCICH,CH, = CH "CH, = il
o Cl

N /N
CH,CH(CH,)CH,CH,= CH CH,= Y\
CH, CH, |
- / \._

N
(CH),NCH,CH,= N CH,= N7\

| | |
CH,
#

Bond-line
formulas

Chapter 1 26



O Cyclic compounds are condensed using a drawing of the
corresponding polygon

Aand H |2=

H c CH HQC—CH,,

O Multiple bonds are indicated by using the appropriate number of lines
connecting the atoms

CH, CH CH,

\ / N P
CH, = Y\/ CH,—CHCH,0H = :L
I OH

CH,

Y

Revise from the book the rules to understand How To Draw Bond-Line Formulas

/ ——— = CH3CH2CCCH3
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»ee SOLVED PROBLEM 1.9

Write the bond-line formula for
CH3(|3HCHQCH2CH20H

CH,
STRATEGY AND ANSWER: First, for the sake of practice, we outline the carbon skeleton, including the OH group,

as follows:

CH
ds Clt: Cl SN
C|)H CH, OH = C| C OH
CH,4 C
Then we write the bond-line formula as OH. As you gain experience you will likely skip the intermediate

steps shown above and proceed directly to writing bond-line formulas.
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® Three-Dimensional Formulas

O Virtually all molecules possess a 3-dimensional shape which is
often not accurately represented by drawings

O It is often important to be able to convey their shape.

0 The conventions for this are: e
O Bonds that lie in the plane of the paper are indicated by a simple line

O Bonds that come forxta”‘i:'d out of the plane of the paper are indicated by a solid
wedge

_ weade
O Bonds that go back out of the plane of the paper are indicated by a dashed wedge

e

T
0 Generally to represent a tetrahedral atom:
O Two of the bonds are drawn in the plane of the paper about 109° apart

O The other two bonds are drawn in the opposite direction to the in- plane bonds
but right next to each other

It was proposed in 1874 by van’t Hoff and le
Bel that the four bonds around carbon where
not all in a plane but rather in a tetrahedral
arrangement i.e. the four C-H bonds point
towards the corners of a regular tetrahedron

109°28°
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s R
w D® A
Y2 -
fJ "~ in the plane backwards— Y N
Y oot
«——— forwards L)
P4 _—— rQ/( < é— - “%&
—— in the plane of the page >
-=& comes forwards out of the plane of the page .". infront
il goes backwards out of the plane of the page .". behind
\ ),
H__ \HH
H c= il H
| | </
or /C \”’H etc. H‘“"/'"C\ or /C C_,@/ etc.
H H N7
H H H »-H
Methane Ethane
H H Br

| J |
- or or welC ete.

HYYy H HYY/

. Br 4 “H w H

Bromomethane

Chapter 1
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O Trigonal planar arrangements of atoms can be drawn in 3-
dimensions in the plane of the paper

O Bond angles should be approximately 120°

O These can also be drawn side-on with the central bond in the plane
of the paper, one bond forward and one bond back

O Linear arrangements of atoms are always best drawn in the
plane of the paper

An example involving trigonal An example involving
planar geometry linear geometry

Bonds to the carbon with the Bonds to the carbon
double bond are in the plane with the triple bond are
of the paper and separated in the plane of the paper
by 120°. and separated by 180°.
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" » @9 SOLVED PROBLEM 1.10

Write a bond-line formula for the following compound showing three dimensions at the carbon bearing the chlorine atom.

CHyCH,CHCH,CH,
|
Cl
STRATEGY AND ANSWER: First draw the carbon skeleton, placing as
many carbon atoms in the plane of the paper as possible (which is all of them, NN

in this case).

o
=

Then add the chlorine atom at the appropriate carbon using a
three-dimensional representation. H CI Cl H
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¢ Molecular Orbitals (MOs) .

. . .. % .
O A simple model of bonding is illustrated by forming molecular H,
from H atoms and varying distance:
O Region I: The total energy of two isolated atoms

O Region II: The nucleus of one atom starts attracting the electrons of the other; the
energy of the system is lowered

0 Region III: at 0.74 A the attraction of electrons and nuclei exactly balances
repulsion of the two nuclei; this is the bond length of H,

O Region IV: energy of system rises as the repulsion of the two nuclei predominates

I
No attraction
K_H
v I_{ _ ‘H
3 Repulsion e
o H:H
IIT -
Most stable u 436 kilojoules mol™?
— Attraction
H:H 1T

r=0.74 A

Internuclear distance (r)
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® Bonding Molecular Orbitals (¥,,,cc)

0 AOs combine by addition (the AOs of the same phase sign
overlap)

O The wave functions reinforce
The value of ¥increases between the two nuclei

O The value of ¥ (electron probability density) in the region
between the two nuclei increases

O The two electrons between the nuclei serve to attract the nuclei
towards each other

O This is the ground state (lowest energy state) of the MO

O

(@)  ¢¥1lSgiomic orbital) ¥ 1Setomic orbital) Bonding ¢ (molecular orbital)

NN N\ — -
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¢ Electron Configurations

® Atoms can be assigned electronic configuration using the
following rules:

»==1 1 Aufbau Principle: The lowest energy orbitals are filled first

«2t-21 0 Pauli Exclusion Principle: A maximum of two spin paired electrons
may be placed in each orbital

- 0 Hund’s Rule: One electron is added to each degenerate (equal energy
orbital) before a second electron is added

® Electronic Configurations of Some Second Row Elements

‘ 1 . - i e i b i s i il b s 7

S JL—ZS Jl—28 JL—Zs —]'LZS JL—Zs L 2s

} '-lL—' 1s —ll_ 1s -]-L- 1s —lL- 1s -ll_ 1s l 1s
Boron Carbon Nitrogen Oxygen Fluorine Neon
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Linus Carl Paulimg ¢ Hybridization

(February 28, 1901-August 19, 1994) <:>

Chemist Linus Carl Paulimg first
developed the hybridization theory in
1931 in order to explain the structure of
simple molecules such as methan (CH4)
using atomic orbitals.

Linus Carl Paulimg was awarded the
nobel prize in chemistry in 1954




=Y 's_ﬁ(,\q)\ ;:b\

What is Hybridization? It is the process of mixing and recasting atomic orbitals of
the same atom with slightly different energgi)g\sﬁgo form an
equal number of new orbitals with equivalent energy,
maximum symmetry and definite orientation in space.

Purposes of Hybridization:

To see the types of bonds that the atoms share

with each other “Sigma or pi bonds”’
4o n

The difference types of bonds allow different
properties.

“How pi bonds do not allow rotation whereas
sigma bonds are rotational’’
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v‘\\ v f";; Steps of Hybridization
7 "S-
‘P:ge»

v" Formation Of An Excited State : No. Of unpaired
electron in ground state of an atom is less than the
observed valency of atom in its stable compd. Then one
or more electron are uncoupled and promoted to the
vacant orbitals of higher energy level.

v" Mixing And Recasting Of Atomic Orbital : Mixing &
redistribution of atomic orbital of the atom having
same energy to form new orbital of equal energy.

v Orientation Of Hybrid Orbitals : Hybrid orbital orients
themselves in a space in such a way that they
minimize the inter electronic repulsion to acquire max.
Stability.

v Energy Of Orbitals : Hybrid Orbitals Have Equivalent
Energy And Differ Only In Orientation.
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Types of
Hybridization

\{\ M 2]

1 ]
W = —"
‘ ﬂ;F’?

SP3 Hybridization

e.g.,CH,, C,H,
Q) .
N~
H ¢ ${H) _FKJE
-’ @ )
(H)

W
-
N =—=C__ u

SP2 Hybridization

y

e.g., CH,
B~ & @
SOWS
"6 ¢ %

Chapter 1

HC =C—H

SP Hybridization

e.g., CZHZ

\<X>@ FI=ID

40



¢ The Structure of Methane (CH,): sp® Hybridization

O The structure of methane with its four identical tetrahedral
bonds cannot be adequately explained using the electronic

conflguratlon of carbo )_\

ls 2s 2p. 2p, 2p,

Ground state of a carbon atom

0 Hybridization of the valence orbitals (2s and 2p) provides
four new identical orbitals which can be used for the bonding
in methane

O Orbital hybridization is a mathematical combination of the 2s
and 2p wave functions to obtain wave functions for the new
orbitals
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O When one 2s orbital and three 2p orbitals are hybridized four
new and identical sp? orbitals are obtained
0 When four orbitals are hybridized, four orbitals must result
0 Each new orbital has one part s character and 3 parts p character
0 The four identical orbitals are oriented in a tetrahedral
arrangements

O The four sp? orbitals are then combined with the 1s orbitals of
four hydrogens to give the molecular orbitals of methane

O Each new molecular orbital can accommodate 2 electrons

The Carbon in Methane is sp?

the sp’ orbitals are more stable
than the p orbitals and less

stable than the s orbital
x x x hybndlzatlon \) \ ) \ ) \ )
P P P

5 6 H b
Jp" SI)‘ .\‘IY" _\'I)‘
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The Structure of Methane (CH,): sp? Hybridization

The observed valency of carbon in methane is four and it has a bond angle of
109° with a tetrahedron geometry which can be explained on the basis of
hybridization

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

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

/

& % | i |
T l P 2 p promotion T P p P
s A K A
(carbon’s valence electrons ) (carbon’s valence electrons)

\before promotion \ after promotion

J/ J/

Four Orbitals are Mixed to Form Four Hybrid Orbitals
| | |

‘[ P P p hybridization T 3 T 3 T . T 5
e — sp sp sp sp
K N 2

4

v

@ hybrid orbitals are formed}

@orbitals are hybridize@

1s + 3p =4 sp? orbitals
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2s Orbital

2p, Orbital

2p, Orbital

2p. Orbital

{}Hybridization

109.5° 109.5°

109.5°

\/\_ 109.5°

« An sp? orbital looks like a p orbital

@c@ with one lobe greatly extended

Often the small lobe is not drawn

« The extended sp?3 lobe can then overlap well with the
hydrogen 1s to form a strong bond

oD @ >

sp? Orbital 1s Orbital Carbon-hydrogen bond
(bonding MO)

Orbital Overlap: each half filled hybrid orbital of carbon atom overlap
axially with half filled 1s orbital of hydrogen atom containing electron with
opposite spin thus the CHs molecule is formed.

Methane, CH,
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O The bond formed is called a sigma (o) bond because it is circularly
symmetrical in cross section when view along the bond axis

Circular
cross section

.y,
] Bond .
on
_‘C avis: || "OF

Bond axis

O A variety of representations of methane show its tetrahedral nature
and electron distribution

O a. calculated electron density surface b. ball-and-stick model
c. a typical 3-dimensional drawing

(a) (b) ()
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¢ The Structure of Ethane (C,H;): sp® Hybridization

O The carbon-carbon bond is made from overlap of two sp? orbitals
to form a o bond

0 The molecule is approximately tetrahedral around each carbon

o of o

sp3 Carbon sp3 Carbon

Sigma bonds

AN

C-H bond formed by
sp3- s overlap

C-C bond formed by sp?-
sp3 overlap

Chapter 1
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O The representations of ethane show the tetrahedral arrangement
around each carbon

O a. calculated electron density surface b. ball-and-stick model
c. typical 3-dimensional drawing

\J

OO
\5‘;\ H H

g A\ E=

AN -

) c—¢C...,
oy d / \ ‘H
74 4 H H

(a) (b) (c)

0 Generally there is relatively free rotation about ¢ bonds

O Very little energy (13-26 kcal/mol) is required to rotate around the
carbon-carbon bond of ethane

47
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¢ The Structure of Ethene (Ethylene) : sp? Hybridization

0 Ethene (C,H,) contains a carbon-carbon double bond and
is in the class of organic compounds called alkenes

0 Another example of the alkenes is propene

H H H H
X 7 i il
C=C C=C
/ N\ vd R
H H H,C H
Ethene Propene

0 The geometry around each carbon is called trigonal planar
0 All atoms directly connected to each carbon are in a plane
0 The bonds point towards the corners of a regular triangle
O The bond angle are approximately 120°

\\\\\\
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. . . Ethene (Ethylene): double bond
The observed valency of carbon in ethene is four and it (Ethylene)

has a bond angle of 120° with a triagonal geometry = 2
which can be explained on the basis of hybridization H\ /H %
C=C '
/ \
H H

need a p orbital!

Ground state Excited state sp?-Hybridized state

2p 1 1 P J— J— J— 2p J— An unhybridized P orbital

2sp* J_ J_ J_ 3 hybrid orbitals are formed
2s J-L 2s J_

1s Jl_ 1s J[_ ls JL
Promotion.‘ Hybfi_

three orbitals are hybridized
(one 2s+ two 2P=three SP? orbitals)

Ener,

Carbon bonds to 3 atoms, soit needs to hybridize 3 atomic orbitals.

0 There are three o bonds around each carbon of ethene and these are formed by using
sp? hybridized orbitals

O The three sp? hybridized orbitals come from mixing one s and two p orbitals Ve
O One p orbitalis left unhybridized /W

sp2 Orbital

V4

O The sp? orbitals are arranged in a trigonal planar arrangement p Orbital | | .
O The p orbital is perpendicular (orthoganol) to the plane \
sp2 Orbital
Chapter 1 49



O Overlap of sp? orbitals in ethylene results in formation of a ¢
framework

0 One sp? orbital on each carbon overlaps to form a carbon-carbon ¢
bond; the remaining sp? orbitals form bonds to hydrogen

O The leftover p orbitals on each carbon overlap to form a bonding n
bond between the two carbons

O A n bond results from overlap of p orbitals above and below the
plane of the ¢ bond

O It has a nodal plane passing through the two bonded nuclei and
between the two lobes of the = molecular orbital

p Orbitals

Overlap |

aBonds%\ e ‘
. o Bonds \

o Bond
overlap

_—1__

o bond formed by sp?- sp? overlap

c bond formed by
sp?-s overlap
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® Restricted Rotation and the Double Bond

.
).~

O There is a large energy barrier to rotation (about 264 kJ/mol)
around the double bond

O This corrgsponds to the strength of a = bond

0 The rotatlg;lal bé?rler of a carbon-carbon single bond is 13-26
kJ/mol

oYr>

O This rotational barrler results because the p orbitals must be
well aligned for maximum overlap and formation of the = bond

0 Rotation of the p orbitals 90° totally breaks the = bond

wotats G ";c@

Chapter 1

>
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® Cis-trans isomers
O Cis-trans isomers are the result of restricted rotation about double bonds

O These isomers have the same connectivity of atoms and differ only in the
arrangement of atoms in space
0 This puts them in the broader class of stereoisomers

O The molecules below do not superpose on each other

O One molecule is designated cis (groups on same side) and the other is
trans (groups on opposite side)

Cl H H Cl
X, # N
C C
| |
C C
2 N 7 N\
Cl H Cl H
cis-1,2-Dichloroethene trans-1,2-Dichloroethene

O Cis-trans isomerism is not possible if one carbon of the double bond has
two identical groups

Cl H Cl Cl
N / k" 4
=G =G
/ M / £
Cl H Cl H
1,1-Dichloroethene 1,1,2-Trichloroethene
(no cis—trans isomerism) (no cis—trans isomerism)
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hand-held models to prove that one isomer is not supcrposablc on the other.
(a) CH2=CHCHQCH3 (c) CH2=C(CH3)2

Write structures of all the isomers of C3HsF.
ANSWER: Taking into account cis—trans isomerism and the possibility of a ring we have the following four possibilities.

H3C F H3C H H3C H F

=~ o= =X A

H H H F F HJ:-

[ .
-C-CC- A .



¢ The Structure of Ethyne (Acetylene): sp Hybridization

O Ethyne (acetylene) is a member of a group of compounds
called alkynes which all have carbon-carbon triple bonds

O Propyne is another typical alkyne

H—C=C—H CH,—C=C H/( g
Ethyne Propyne == -~ - ~
(acetylene) (C;Hy) 1 _? C“ - H
(C.Hy)

0 The arrangement of atoms around each cart%n Is linear
with bond angles 180°
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- : Ethyne (Acetyl
The observed valency of carbon in ethyne is e °°Y°"el
triplebond= ¢ bond+2x

four and it has a bond angle of 180° with a bond
linear geometry which can be explained on H—C=C—H
the basis of hybridization )

need 2 p orbitals!

0 The carbon in ethyne is sp hybridized
O One s and one p orbital are mixed to form two sp orbitals
O Two p orbitals are left unhybridized

Carbon bonds to 2 atoms, soit needs to hybridize 2 atomic orbitals.

Ground state Excited state sp-Hybridized state
> 1 ] 1 1 2p
1 20 1 1
'2 2s L 2s
(¥E}

1s JL 1s J[_ 1s JL
Promotion nﬂ Hybridi“

p Orbitals

O The two sp orbitals are oriented 180° relative to each
other around the carbon nucleus

O The two p orbitals are perpendicular to the axis that
passes through the center of the sp orbitals

sp Orbital

W

I sp Orbital

95
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O In ethyne the sp orbitals on the two carbons overlap to
form a ¢ bond

O The remaining sp orbitals overlap with hydrogen 1s orbitals
O The p orbitals on each carbon overlap to form two n bonds
O The triple bond consists of one ¢ and two n bonds

56
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¢ Bond Lengths of Ethyne, Ethene and Ethane

O The carbon-carbon bond length is shorter as more bonds hold the
carbons together
O With more electron density between the carbons, there is more “glue” to hold
the nuclei of the carbons together
0 The carbon-hydrogen bond lengths also get shorter with more s
character of the bond
O 2s orbitals are held more closely to the nucleus than 2p orbitals

O A hybridized orbital with more percent s character is held more closely to the
nucleus than an orbital with less s character

0 The sp orbital of ethyne has 50% s character and its C-H bond is shorter
0 The sp? orbital of ethane has only 25% s character and its C-H bond is longer

Bond Strength and Bond Length ¥

The more bonds holding 2 atoms together, \ \ 118° \ \ ‘q
= 1 38 & Ul - H
the strongerandshorteritis. / W e ; ,) <y "’”f"
‘ 109.5°
% V4 H\ H 1.20A | 1 121° ¥
' A1l 1.54A
_CQE}— /C=C\ H\u---l \“H e 1.34A L
| H | H : 1.10A
- e i .06A 1.09A Q LY W
| strongest bond | /weakest bond | 1.06A " S H | H
\shortest bond ) \Jongest bond H Y ~ o H
Bond strength decreases as bond length increases
57
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¢ The Effect of Hybridization on Acidity

® Hydrogens connected to orbitals with more s character will be
more acidic

0 s orbitals are smaller and closer to the nucleus than p orbitals

<s=' «F- Anions in hybrid orbitals with more s character will be held more
closely to the nucleus and be more stabilized

H3C_CH2:_ = HzC:CH:_ = HCEC:_
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Summary of Hybridization

® The number of molecular orbitals formed equals the number of
the atomic orbitals used

® Hybridized orbitals are obtained by mixing the wave functions of
different types of orbitals

O Four sp? orbitals are obtained from mixing one s and three p orbitals

0 The geometry of the four orbitals is tetrahedral
O This is the hybridization used in the carbon of methane
0 Three sp? orbitals are obtained from mixing one s and two p orbitals
0 The geometry of the three orbitals is trigonal planar
0 The left over p orbital is used to make a = bond
O This is the hybridization used in the carbons of ethene
O Two sp orbitals are obtained from mixing one s and one p orbital
0 The geometry of the two orbitals is linear
O The two leftover p orbitals are used to make two © bonds
0 This is the hybridization used in the carbons of ethyne
O Sigma (o) bonds have circular symmetry when viewed along the
bond axis

O Pi (x) bonds result from sideways overlap of two p orbitals
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Type of hybrid

sp3 hybridization

sp2 hybridization

sp hybridization

Diagram

SR

'..\\\\
PR— C‘

2

Atomic orbitals used

S, P, P: P

S, P, P

S, p

Orbitals Combined

s-orbital + 3 p-orbitals

s-orbital + 2 p-orbitals

s-orbital + 1 p-orbital

Resulting Orbitals

4 sp3 orbitals (no

3 sp2 orbitals + 1 p-

2 sp orbitals + 2 p-

p-orbitals) orbital orbitals
Number of hybrid orbitals formed 4 3 2
Number of atoms bonded to the C 4 3 2
Geometry tetrahedral triangular planer Linear
angle 109.5° 120° 180°
Bonds single bonds double bonds triple bonds
60
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Summary The Bonding in Methane

The Bonding in Ethane

Chapter 1



The Bonding in Ethene

a. ‘o bond formed ‘ b.

“ by spZ-s overlap

C C / i
3 Vi e
| _;;,* o
‘o bond formed by ’ 7 1~
\sp>-sp? overlap

\

“,\\H

(the 7 bond's 2 electrons |
| can be found anywhere in
\ the purple regions )

o bond)

‘ the 2 p orbitals are \’
\parallel to each other

The Bonding in Ethyne

a. "o bond formed by |
180° s Ovaciep

1/
{/
Y

/_\ J

\ o bond formed by ‘
.sp-sp overlap

Chapter 1

‘the purple p orbitals
-~ are perpendicular to
. the blue p orbitals
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180°

=

H— C==C—H
Etriple bond - 7.

consists of one G—.Zo A)
o bond and
two = bonds | |
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¢ Geometry of Ammonia NH; Water H,O and Carbon
Dioxide CO,

107°
H -ﬂ"’/N T H
H

1°7°\7L_ 107°

&» o 3"
-

Angular or bent shape

4

Trigonal pyramid

What do the bond angles of ammonia suggest about the hybridization state of the
nitrogen atom of ammonia?

PRACTICE PROBLEM 1.23 7

11.24

What do the bond angles of water suggest about the hybridization state of the oxygen
atom of water?

PRACTICE PROBLE

N

Chapter 1
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Carbon dioxide

The four electrons of each
1802 double bond act as a
s

Y o . ..  single unit and are maximally m
O=C=0; or PG G separated from each other.




Practice

Some examples

66
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Group Activity In BB (8 threads)

N

3“

Mark
12
Condensed structure

e Tasks

and molecular formula

1 493doyo

QAP

3D structure

Bond-line structure

/N

gl

Bond-line and
constitutional isomer___

/8

24
2

*Bond-line,

condensed structures
and constitutional
isome

/16
/6

constitutional isomer ——

Resonance and
constitutional isome

/17
/76

Total

]

Resonance



Practice

PRACTICE PROBLEM 1.13 “Write écondcnscg) structural fofmula for the following compound.

o
J J
R ) i 22
ce®e
' J
9 L0

CCH cHy ool cMEn,),”
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1.37 Write bond-line formulas for all of the constitutional isomers with the molecular formul@y

-

69



1.46 Draw a three-dimensional orbital representation for each of the following molecules, indicate whether each bond initisa o or =
bond, and provide the hybridization for each non-hydrogen atom.

(a) CH,O (b) H,C=CHCH=CH, () HLC=C=C=CH,

Predict the bond anglesof | © PRACTICE PROBLEM 1.28
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