








UKChO

Structural Chemistry

Structural Chemistry
1.Atomic structure & Atomic spectrum

2.Electron configuration
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4.Chemical bond
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Atomic Structure

Atomic Structure

Elementary Particle
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Isotope

Atoms with identical atomic numbers but different mass 
numbers (that is, the same number of protons but different 
numbers of neutrons) are called isotopes of one another. 

Mass Spectrometer 

Wave-particle Dualism
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Wave-particle Dualism

Calculate red light & blue light frequency

Quantized Energy and Photons 

Planck’s constant, has the value 6.626*10-34 J·s. 

The Photoelectric Effect and Photons 
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Bohr’s Model& & Atomic Spectra p

Bohr’s Model & Atomic Spectra

When an atom undergoes a transition 
from a state of higher energy to one of 
lower energy, it loses energy that is 
carried away as a photon. The greater the 
energy difference, the higher is the 
frequency (and the shorter the 
wavelength) of the radiation emitted. 
Compare the high frequency of the 
emission during a transition from state A 
to the ground state to that from state B to 
the ground state. 

Atomic Spectra

h, c, and RH are the Planck constant, the speed of light, 
and the Rydberg constant

n principal quantum number. 
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Atomic Spectra

Summary & Practice

1.Concept

2.Example

Electron Configuration
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Quantum Numbers 

1.

Quantum Numbers 

2. Angular momentum quantum number 

3.Magnetic quantum number

between -l and l, including zero. 

Quantum Numbers 

4.spin magnetic quantum number, is denoted ms (the subscript s stands for spin). 
Two possible values are allowed for m.
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Summary of Quantum Numbers 

Contour Representations of Orbital 

Contour Representations of Orbital 
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Pauli exclusion principle states that no two electrons in an atom can have the same set
of four quantum numbers n, l, ml, and ms.

An orbital can hold a maximum of two electrons and they must have opposite spins. 

Pauli Exclusion Principle & Hund’s Rule

Pauli Exclusion Principle & Hund’s Rule

Configuration Principle
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Energy Level Overlap  

(n-2)f > (n-1)d > ns

Transition Metals 

Cu
Cr

The Lanthanides and Actinides 
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Electron Configuration and Periodic Table

Summary & Practice

1.Concept

2.Example

Periodicity
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Effective Nuclear Charge 

We call this partially screened nuclear charge the effective 
nuclear charge, Zeff. Because the full attractive force of the 
nucleus has been decreased by the electron repulsions, we 
see that the effective nuclear charge is always less than the 
actual nuclear charge (Zeff < Z)

Effective Nuclear Charge 

Which would you expect to experience a greater effective 
nuclear charge, a 2p electron of a Ne atom or a 3s electron 
of a Na atom? 

Radius
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Radius(atom)

Radius(ION)
ATOM

ANIONCATION

ION)

Ionization Energy

I, is the minimum energy needed to remove an electron from an atom in the gas phase 

first     ionization energy, I1

second ionization energy, I2
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Ionization Energy

Why first ionization energy of Be greater than B
N>O

Electron Affinity

The electron affinity (Eea) of an element is the energy released when 
an electron is added to a gas-phase atom. g p

Electronegativity

Electronegativity is defined as the ability of an atom in a molecule to attract electrons to itself. 
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Diagonal Relationship 

A diagonal relationship is a 
similarity in properties 
between diagonal neighbors in 
the main groups of the 
periodic table 

The General Properties of the Elements

Summary & Practice

1.Concept

2.Example
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Chemical Bond

Lewis Symbols

Lewis represented each valence electron as a dot and arranged the dots 
around the symbol of the element. 
A single dot represents an electron alone in an orbital.
A pair of dots represents two paired electrons sharing an orbital.

The Octet Rule

Atoms tend to gain, lose, or share electrons until they are surrounded by 
eight valence electrons. 
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Ionic Bonds

There is a net lowering of energy below that of the 
individual atoms, provided the net attraction between 
ions is greater than the energy needed to make them. 

Ionic Bonds 

Lattice Energy 
lattice energy is the energy required to completely separate one 
mole of a solid ionic compound into its gaseous ions. 
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Covalent Bonds 

Valence-bond theory is the description of covalent bonding in terms of atomic orbitals 

Covalent Bonds 

In covalent bond formation, atoms go as far as 
possible toward completing their octets by sharing 
electron pairs. 

Sigma and Pi Bonds 

Sigma bond is cylindrically symmetrical (the same in all directions around the long axis of the 
bond), with no nodal planes containing the internuclear axis. 
Pi bond has a single nodal plane containing the internuclear axis. 
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Multiple Bonds 

Multiple Bonds 

In covalent bond formation, atoms go as far as possible toward 
completing their octets by sharing electron pairs. 

Bond Polarity 
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Resonance

Formal Charge 

V is the number of valence electrons in the free atom
L is the number of electrons present on the bonded atom as lone pairs 
B is the number of bonding electrons on the atom. 

Formal Charge Practice 
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Bond Order, Strength, Length

The strength of a chemical bond is measured by its dissociation energy, D, 
the energy required to separate the bonded atoms. 

Bond Order, Strength, Length

Bond length is the distance between the centers of two atoms joined by a covalent bond. 

Summary & Practice

1. Concept

2. Example
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Molecular Shape

The VSEPR Model 

valence-shell electron-pair repulsion model (VSEPR model) extends Lewis’s 
theory of bonding to account for molecular shapes by adding rules that account 
for bond angles by noting the effect of repulsions between electrons: 

Rule 1 Regions of high electron concentration (bonds and lone pairs on the 
central atom) repel one another and, to minimize their repulsions, these regions 
move as far apart as possible while maintaining the same distance from the 
central atom.

Rule 2 There is no distinction between single and multiple bonds: a multiple 
bond is treated as a single region of high electron concentration. 

The VSEPR Model 
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Molecules with Lone Pairs on the Central Atom 

Rule 3 All regions of high electron density, lone pairs and bonds, are included in a 
description of the electronic arrangement, but only the positions of atoms are 
considered when identifying the shape of a molecule. 

Molecular Geometry Summary

Molecular Geometry Summary
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Molecular Geometry Summary

Molecular Geometry Summary

Hybridization 

We often assume that the atomic orbitals on an atom (usually the central atom) mix to form new 
orbitals called hybrid orbitals. 
The shape of any hybrid orbital is different from the shapes of the original atomic orbitals. The 
process of mixing atomic orbitals is a mathematical operation called hybridization.
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Hybridization 

Polar Molecules 

Polar molecule is a molecule with a nonzero dipole moment 

Practice: Predicting a Molecular Shape 
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Practice: Lewis Structure and Shape

Summary & Practice

1. Concept

2. Example

State of Matter
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Dipole-Dipole Force

The presence of a permanent dipole moment in polar molecules gives rise to dipole– dipole interactions 

Intermolecular Forces

f a pf a ppThe presence of

Intermolecular Forces London Dispersion Force

The motions of electrons in one atom influence the motions of electrons in its neighbors. The 
instantaneous dipole on one atom can induce an instantaneous dipole on an adjacent atom, 
causing the atoms to be attracted to each other. This attractive interaction is called the
London dispersion force. It is significant only when molecules are very close together. 

of el
instantaneous dipdip
The motions o
instantaneous instantaneous

Intermolecular Forces London Dispersion Force

The ease with which the charge distribution is distorted is called the molecule’s polarizability. th wThe ease wit
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Intermolecular Forces Hydrogen Bonding

hydrogen bond is an attraction between a hydrogen atom attached to a highly 
electronegative atom (usually F, O, or N) and a nearby small electronegative atom in 
another molecule or chemical group. 

) y g
bonbonhydrogen bhydrogen b

Intermolecular Forces Ion–Dipole Forces

An ion–dipole force exists between an ion and a polar molecule A

Comparing Intermolecular Forces
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Comparing Intermolecular Forces

1.When the molecules of two substances have comparable molecular weights and shapes, dispersion forces are 
approximately equal in the two substances. 
2.When the molecules of two substances differ widely in molecular weights, and there is no hydrogen bonding, 
dispersion forces tend to determine which substance has the stronger intermolecular attractions. 

es oes o
approximately equal in t
1.1 eeWhen the moleculeWhen the molecule
approximately equali t l l

Gas

Pressure

The molecules of a gas move chaotically, colliding with each other and with the walls of their 
container. The impacts with the container walls exert a force—an outward push against the walls. The 
pressure, P, that a gas exerts is defined as the force, F, divided by the area, A, of the surface on.

The SI unit of pressure is the pascal, Pap p
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The Gas Laws 1:Boyle’s law

The volume of a fixed quantity of gas maintained at constant 
temperature is inversely proportional to the pressure.

The Gas Laws 2:Charles’s Law 

The volume of a fixed amount of gas maintained at constant pressure 
is directly proportional to its absolute temperature. 

The Gas Laws 3:Avogadro’s Law 

Avogadro’s hypothesis: Equal volumes of gases at the same temperature and 
pressure contain equal numbers of molecules. 
Avogadro’s law: The volume of a gas maintained at constant temperature and 
pressure is directly proportional to the number of moles of the gas. 

’s
copressure c

Avogadro’
pressure c
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The Ideal Gas Equation

The conditions 0 C and 1 atm are referred to as 
standard temperature and pressure (STP) 

Gas Mixtures and Partial Pressure
The total pressure of a mixture of gases is the sum of the 
partial pressures of its components. 

The mole fraction is defined as the number of 
moles of each component of the gas mixture 
expressed as a fraction of the total number of 
moles of molecules in the sample. 

The Kinetic-Molecular Theory of Gases

The kinetic model of a gas, which is also known as the “kinetic molecular 
theory” (KMT), is based on four assumptions 
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The Kinetic-Molecular Theory of Gases

The root mean square speeds of five gases at 25 OC, 
in meters per second. 

The Maxwell Distribution of  Speeds

The molecules of all gases have a wide range of speeds. As the temperature increases, the 
root mean square speed and the range of speeds both increase. 
The range of speeds is described by the Maxwell distribution g p y

oo
t

The molecules oThe molecules oThe molecules o

Molecular Effusion and Diffusion

Diffusion is the gradual dispersal of one substance through another substance, such as krypton 
dispersing through a neon atmosphere.
Effusion is the escape of a gas through a small hole into a vacuum or very- low-pressure region 
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Real Gas: Deviations from Ideal Behavior

van der Waals equation: 

Vapor Pressure

Molecules can escape from the surface of a liquid into 
the gas phase by evaporation.

The ethanol quickly begins to evaporate. As a result, 
the pressure exerted by the vapor in the space above 
the liquid increases. After a short time, the pressure of 
the vapor attains a constant value, which we call the 
vapor pressure. 

Volatility 
Liquids that evaporate readily are said to be volatile. 
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Clausius–Clapeyron Equation: 

Summary & Practice

1. Concept

2. Example

Crystal
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Classification of Solids

Polymers contain long chains of atoms 
(usually carbon), where the atoms within 
a given chain are connected by covalent 
bonds and adjacent chains are held to one 
another largely by weaker intermolecular 
forces. 

Nanomaterials are solids in which the 
dimensions of individual crystals have 
been reduced to the order of 1–100 nm. 

Classification of Solids

Structures of Solids & Unit Cells

Solids in which atoms are arranged in an orderly repeating pattern are called crystalline solids. 
Amorphous solids (from the Greek words for “without form”) lack the order found in 
crystalline solids.

In a crystalline solid, there is a relatively small repeating 
unit, called a unit cell, that is made up of a unique 
arrangement of atoms and embodies the structure of the 
solid. 
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Structures of Solids & Unit Cells

In a crystalline solid, there is a relatively small repeating unit, called a unit cell, that is 
made up of a unique arrangement of atoms and embodies the structure of the solid. 
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Structures of Solids & Unit Cells

Molecular Solids

Molecular solids consist of atoms or neutral molecules held together by dipole–dipole forces, 
dispersion forces, and/or hydrogen bonds. Because these intermolecular forces are weak, molecular 
solids are soft and have relatively low melting points.
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A Molecular Comparison of Gases,
Liquids, and Solids 

Network Solids

Covalent-network solids consist of atoms held together in large networks by covalent bonds. 
Because covalent bonds are much stronger than intermolecular forces, these solids are much harder and 
have higher melting points than molecular solids. Diamond and graphite, two allotropes of carbon, are 
two of the most familiar covalent-network solids. wo o e os a a cova e e wo so ds.

Metallic Solids
“cubic close- packed” or
“face-centered cubic” 

“hexagonal close-packed.” 
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Metallic Solids
An alloy is a material that contains more than one element and has the characteristic 
properties of a metal. 
When atoms of the solute in a solid solution occupy positions normally occupied by a 
solvent atom, we have a substitutional alloy. 
When the solute atoms occupy interstitial positions in the “holes” between solvent atoms, 
we have an interstitial alloy.

Ionic Structures

Summary & Practice

1. Concept

2. Example
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Phase Change

Phase Change

Phase Diagrams

A phase diagram is a graphic way to summarize the conditions under which equilibria 
exist between the different states of matter.
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Phase Diagrams

Phase Diagrams

A triple point is a point where three phase boundaries meet on a phase diagram. 

Summary & Practice

1. Concept

2. Example
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UKChO

Reaction & Stoichiometry

2.1 Chemical equation

2.2 Calculation

2.3 Solution stoichiometry

2.4 Acid & base 

2.5 Weak Acid & Base

2.6 Aqueous Equilibrium

Reaction & Stoichiometry
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Chemical Equation

Balancing Equations & Coefficient

Antoine Lavoisier (1734– 1794). 

1.Interpreting and Balancing Chemical Equations

2. Indicating the States of Reactants and Products
(g), (l), (s), and (aq) , a

Combination Reactions 

combination reactions, two or more substances react to form one product 
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Decomposition Reactions 
Decomposition reaction one substance undergoes a reaction to produce 
two or more other substances 

Combustion Reactions

Combustion reactions are rapid reactions that produce a flame. Most combustion 
reactions we observe involve O2 from air as a reactant. 

The state of the water in this reaction, H2O(g)or H2O(l), 
depends on the reaction conditions. 

Summary & Practice

1. Concept

2. Example
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Calculation

Formula and Molecular Weights 

The formula weight (FW) of a substance is the sum of the atomic weights (AW) of 
the atoms in the chemical formula of the substance. 

Percentage Composition from Chemical Formulas 

The percentage composition of any element in a substance (sometimes called the 
elemental composition of a substance) is straightforward if the chemical formula is known. 
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Avogadro’s Number and the Mole 

One mole is the amount of matter that contains as many objects (atoms, molecules, or 
whatever other objects we are considering) as the number of atoms in exactly 12 g of 
isotopically pure 12C 

From experiments, scientists have determined this number to be 6.0221415 * 1023 6.02 * 
1023 which is Avogadro’s Number 

Molar Mass 

The atomic weight of an element in atomic mass units is 
numerically equal to the mass in grams of 1mol of that element. 

The mass in grams of one mole, often abbreviated as 1 mol, of a 
substance (that is, the mass in grams per mole) is called the molar 
mass of the substance. 

Mole Relationships n=m/M
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Mole Relationships n=m/M

Mole Relationships n=m/M

Empirical Formulas from Analyses 

Mercury and chlorine, for example, combine to form a compound that is 
measured to be 74.0% mercury and 26.0% chlorine by mass.

HgCl2
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Combustion Analysis 

Combustion Analysis 

Limiting Reagent

The reactant that is completely consumed in a reaction is called the
limiting reactant because it determines, or limits, the amount of product formed. 
The other reactants are sometimes called excess reactants. 
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Limiting Reagent

The reactant that is completely consumed in a reaction is called the
limiting reactant because it determines, or limits, the amount of product formed. 
The other reactants are sometimes called excess reactants. 

Theoretical and Percent Yields 

The quantity of product calculated to form when all of a limiting reactant is 
consumed is called the theoretical yield.
The amount of product actually obtained, called the actual yield, is almost 
always less than (and can never be greater than) the theoretical yield. 

Theoretical and Percent Yields 
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Summary & Practice

1. Concept

2. Example

Solution Stoichiometry 

Concentrations of Solutions  

Scientists use the term concentration to designate the amount of solute dissolved in a 
given quantity of solvent or quantity of solution. The greater the amount of solute 
dissolved in a certain amount of solvent, the more concentrated the resulting solution. 

Molarity (symbol M) expresses the concentration of a solution as the number 
of moles of solute in a liter of solution 
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Concentrations of Solutions  
A 1.00 molar solution (written 1.00 M) contains 1.00 mol of solute in 
every liter of solution 

Interconverting Molarity, Moles, and Volume  

Dilution

Aqueous solutions of lower concentrations can then be obtained by 
adding water, a process called dilution.
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Solution Stoichiometry and Chemical Analysis 

Summary & Practice

1. Concept

2. Example
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Acid & Base

Arrhenius Acids and Bases 

· An acid is a substance that, when dissolved in water, increases the concentration of H+ ions.

· A base is a substance that, when dissolved in water, increases the concentration of OH- ions. 

Brønsted–Lowry Acids and Bases

The transfer of a proton always involves both an acid (donor) and a base (acceptor). 
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Brønsted–Lowry Acids and Bases

An acid and a base such as HA and A- that differ only in the presence or 
absence of a proton are called a conjugate acid–base pair 

The Autoionization of Water 

Acidic or Basic

A substance capable of acting as either an acid or a base is called amphiprotic 
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The pH Scale 

pOH and Other “p” Scales 

Measuring pH 

A digital pH meter pH ranges for common acid–base indicators 
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Measuring pH 

Summary & Practice

1. Concept

2. Example

Weak Acid & Base
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Strong Acids and Bases 

The seven most common strong acids include six monoprotic acids 
HCl, HBr, HI, HNO3, HClO3, and HClO4, and one diprotic acid (H2SO4). Nitric 
acid (HNO3) exemplifies the behavior of the monoprotic strong acids 

Strong base:The most common soluble strong bases are the ionic hydroxides of the 
alkali metals, such as NaOH, KOH, and the ionic hydroxides of heavier alkaline earth 
metals, such as Sr(OH)2. 

Weak Acids 

Most acidic substances are weak acids and therefore only partially ionized in aqueous solution.

Weak Acids 

Ka is called the acid-
dissociation constant 
for acid HA
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Calculating Ka from pH

Practice

Calculating from pH from Ka
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Percent Ionization 

Weak Bases 

Kb, the base-dissociation constant, always refers to the equilibrium in 
which a base reacts with H2O to form the corresponding conjugate acid and 
OH-. 

Weak Bases 
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Relationship Between Ka and Kb

Hydrolysis of Salts
Many ions react with water to generate H+(aq) or OH-(aq) ions. This type of reaction is often 
called hydrolysis. The pH of an aqueous salt solution can be predicted qualitatively by 
considering the salt’s cations and anions. 

Structure and Acid Strength 
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Strengths of Oxoacids and Carboxylic Acids 

Strengths of Oxoacids and Carboxylic Acids 

Lewis Acids and Bases
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Summary & Practice

1. Concept

2. Example

Aqueous Equilibria

The Common-Ion Effect

Common-Ion 
Effect:Effect:
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Buffers
Buffer, a solution in which the pH resists change when small amounts of strong acids or bases are added p g

A buffer is a mixture of a weak conjugate acid–base pair that stabilizes the pH of a 
solution by providing both a source and a sink for protons 

Buffers

Composition and Action of Buffers 
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Calculating the pH of a Buffer 

when [base] = [acid]

Addition of Strong Acids or Bases to Buffers 

Acid-Base Titrations

1. Initial pH 
2. Between initial pH and equivalence point 
3. Equivalence point 
4. After equivalence point 

Strong Acid–Strong Base 
Titrations 
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1. Initial pH 
2. Between initial pH and equivalence point 
3. Equivalence point 
4. After equivalence point 

Weak Acid–Strong Base Titrations 

Acid-Base Titrations

Acid–Base Indicator 

Acid–Base Indicator 
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Summary & Practice

1. Concept

2. Example
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Rate and Equilibrium

1.Reaction Rates

2.Reaction Mechanism

3.Factors That Affect Reaction Rates

4.Equilibrium

5.Equilibrium shift

Rate and Equilibrium
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Reaction Rates

Reaction Rate

Reaction rate is defined as the change in concentration of one of the reactants or 
products divided by the time interval over which the change takes place.

Because the rate may change as time passes, we denote the average reaction rate in a 
particular interval as the change in molar concentration of a reactant R, R] R]t2— R]t1 , 
divided by the time interval t=t2—t1

Unique Average Reaction Rate 
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Change of Rate with Time 

Instantaneous Rate

The rate at a particular instant during 
the reaction. The instantaneous rate is 
determined from the slope of the curve 
at a particular point in time. 

Rate Law

Rate Data for the Reaction of Ammonium and Nitrite Ions in Water at 25 C 
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Rate Law

An equation such as Equation, which shows how the rate depends on reactant 
concentrations, is called a rate law 

The constant k is called the rate constant.

Reaction Order

The exponents m and n are called reaction orders. 

The overall reaction order is the sum of the orders with respect to each reactant 
represented in the rate law. 

Using Initial Rates to Determine Rate Laws 
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Magnitudes and Units of Rate Constants 

What are the units of the rate constant for the following rate law 

First-Order Reaction

First-Order Reaction

70



Second-Order Reaction

Second-Order Reaction

Zero-Order Reaction
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Half-Life

Half-Life

Half-Life
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Summary & Practice

1. Concept

2. Example

Reaction Mechanism

Elementary Reaction
The reason is that all but the simplest reactions are the outcome of several, and 
sometimes many, steps called elementary reactions. Each elementary reaction 
describes a distinct event, often a collision of particles. 
To describe how a reaction takes place, chemists propose a reaction mechanism, a 
sequence of elementary reactions or steps.
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The Rate Laws of Elementary Reactions

The Rate Laws of Overall Reactions

Rate-determining step the slowest step

The Rate Laws of Overall Reactions

Rate-determining step the slowest step
The slowest elementary step in a sequence of reactions that governs the overall rate of formation of products 

Think equilibrium step
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Summary & Practice

1. Concept

2. Example

Factors That Affect Reaction Rates

Collision Theory
We assume that a reaction can take place only 
if reactants meet. In a gas, that meeting is a 
collision, and so the model that we are building 
is called the collision theory of reactions. 

In this model, we suppose that molecules 
behave like defective billiard balls: they bounce 
apart if they collide at low speed, but they 
might smash into pieces when the impact is 
more energetic. If two molecules collide with 
less than a certain kinetic energy, they simply 
bounce apart. If they meet with more than that 
kinetic energy, reactant bonds can break and 
new bonds can form, resulting in products 
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Collision Theory

Activation Energy 

The minimum energy required to initiate a chemical reaction is called the activation energy, 
Ea, and its value varies from reaction to reaction. 

How Temperature Affect Rate
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Arrhenius Equation 

frequency factor, A, is constant, or nearly so, as temperature is varied. 

Catalysis

A catalyst is a substance that changes the speed of a chemical reaction 
without undergoing a permanent chemical change itself. 

A catalyst speeds up a reaction by 
providing an alternative pathway—a 
different reaction mechanism—
between reactants and products. This 
new pathway has a lower activation 
energy than the original pathway 

Homogeneous Catalysis 
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Heterogeneous Catalysis 

Factors That Affect Reaction Rates 

Reactant concentrations
Pressure

Reaction temperature 
Catalyst

Physical state of the reactants surface area

Summary & Practice

1. Concept

2. Example
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Equilibrium

The Concept of Equilibrium

The Equilibrium Constant

Haber process 

The equilibrium-constant expression depends only on the stoichiometry of 
the reaction, not on its mechanism. 
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Equilibrium Constants in Terms of Pressure, Kp

Applications of Equilibrium Constants

Stoichiometry and Equilibrium Constants 
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Predicting the Direction of Reaction 

Equilibrium Shift

Le Châtelier’s Principle
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Adding and Removing Reagents 

Effects of Volume and Pressure Changes 

At constant temperature, reducing the volume of a gaseous 
equilibrium mixture causes the system to shift in the 
direction that reduces the number of moles of gas. 

Effect of Temperature Changes 

When the temperature of a system at 
equilibrium is increased, the system 
reacts as if we added a reactant to 
an endothermic reaction or a 
product to an exothermic reaction. 
The equilibrium shifts in the 
direction that consumes the excess 
reactant (or product), namely heat. 
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Effect of Temperature Changes 

Catalyst
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Summary & Practice

1. Concept

2. Example
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Thermodynamics

Thermodynamics

1.Temperature Energy &The first law of thermodynamics

2.Enthalpy

3.Hess’s law & Born-Haber cycle

4.Entropy and the second law of thermodynamics 

5.Gibbs free energy
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System, State, and Energy

System and Surroundingy

The region in which we are 
interested, such as a flask of 
gas, a beaker of acid, a 
reaction mixture, or a muscle 
fiber, is called a system.

In thermodynamics, the universe consists of a system and its surroundings.
An open system can exchange both matter and energy with the surroundings.
A closed system can exchange only energy; an isolated system can exchange nothing.
An isolated system has no contact with its surroundings. (sealed inside rigid, thermally insulating walls )

Internal Energy

In thermodynamics, the total store of energy in a system is called its internal energy, U.

Internal energy: a system is the sum of all the kinetic and potential energies of the 
components of the system.

If the internal energy increases by 15 J during a change, we write U=+15 J

Heat is the transfer of energy as a result of a temperature difference. When energy is 
transferred as heat and no other processes occur, U=q. When energy enters a system 
as heat, q is positive; when energy leaves a system as heat, q is negative. 
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Heat
Heat: In thermodynamics, heat is the energy transferred as a result of a temperature difference. 
Heat transfer: Energy flows as heat from a high-temperature region to a low-temperature region. 

Cs specific heat capacity 

Cm molar heat capacity 

The heat capacity of an object determines the change in its temperature brought about by the 
quantity of energy transferred as heat: an object with a large heat capacity requires a lot of heat to 
bring about a given rise in temperature. Heat capacity is an extensive property, so a large object 
(bottom) has a larger heat capacity than a small object (top) made of the same material. Heat 
capacities also, in general, depend on temperature. 

Exothermic & Endothermic 
When a process occurs in which the system 
absorbs heat, the process is called endothermic 
(endo-means “into”). 

A process in which the system loses 
heat is called exothermic (exo-means 
“out of”).

The thermite reaction is 
so exothermic that it 
melts the metal that it 
produces and can be used 
to weld railroad tracks 
together. 
Aluminum metal is 
reacting with iron(III) 
oxide, Fe2O3, causing a 
shower of molten iron 
sparks. 

The endothermic reaction 
between ammonium 
thiocyanate, NH4SCN, and 
barium hydroxide 
octahydrate, Ba(OH)2·8H2O, 
absorbs a lot of heat and can 
cause water vapor in the air 
to freeze on the outside of 
the beaker. 

The Measurement of Heat 

calorimeter Practice
calculate C

Think
What should we assume 
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The First Law of Thermodynamics

The internal energy of an isolated system is constant. 

On an atomic scale, the transfer of energy as heat can be pictured as 
a process in which the vigorous thermal motion of atoms in the 
system jostle the less vigorously moving atoms of the surroundings 
and transfer some of their energy to them. The double-headed 
arrows represent the motion of the atoms; the large pink arrows 
represent the direction of heat transfer. 

State Function

According to the first law, if an isolated system has a certain internal 
energy at one instant and we inspect it again later, then we shall find 
that it still has exactly the same internal energy, no matter how much 
time has passed. 
We summarize these statements by saying that the internal energy is a 
state function, a property that depends only on the current state of the 
system and is independent of how that state was prepared. 

The pressure, volume, temperature, and density of a system are also 
state functions. 

State functions depend only on the current state of the system, any 
change in its value is independent of how the change in state was 
brought about 

A Molecular Interlude: 
The Origin of Internal Energy

Internal energy is energy stored in a system as kinetic energy and potential energy. It includes 
all the energies of interaction of the fundamental particles that make up atoms: 

translational energy rotational energy vibrational energy 

88



A Molecular Interlude: 
The Origin of Internal Energy

A system at high temperature has a greater internal energy 
than the same system at a lower temperature. 

Summary & Practice

1. Concept

2. Example

Enthalpy
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Enthalpy Definition

The state function that allows us to keep track of energy changes at 
constant pressure is called the enthalpy, H

A change in the enthalpy of a system is equal to the heat released or absorbed at 
constant pressure. 

The Enthalpy of Physical Change 

Enthalpy of vaporization 

Enthalpy of fusion 

The Enthalpy of Physical Change 

Enthalpy of sublimation 

Enthalpy of freezing 
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Heating Curve

The temperature of a sample is constant at its melting and boiling points, even though heat is being 
supplied. The slope of a heating curve is steeper for a phase with a low heat capacity than for one 
with a high heat capacity. 

Reaction Enthalpies

Reaction Enthalpies
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Standard Reaction Enthalpies

Bond Enthalpies

The bond enthalpy H, for the breaking of a 
particular bond in one mole of a gaseous substance. 

Bond Enthalpies

The bond enthalpy is always a positive quantity because energy is required to break chemical 
bonds. Conversely, energy is always released when a bond forms between two gaseous atoms or 
molecular fragments. The greater the bond enthalpy, the stronger the bond. 
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Bond Enthalpies

Standard Enthalpies of Formation

By definition, the standard enthalpy of formation of the most stable form of any element is zero 
because there is no formation reaction needed when the element is already in its standard state. 

Standard Enthalpies of Formation
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Standard Enthalpies of Formation

Calculate a standard enthalpy of reaction 

Summary & Practice

1. Concept

2. Example

Hess’s Law & Born-Haber Cycle
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Hess’s Law

Hess’s law states that if a reaction is carried out in a series of steps H for the overall 
reaction equals the sum of the enthalpy changes for the individual steps. 

Hess’s Law

The overall enthalpy change for the process is 
independent of the number of steps and 
independent of the path by which the reaction 
is carried out. 

This law is a consequence of the fact that 
enthalpy is a state function. We can therefore 

H for any process as long as we find 
H is known for each step.

This means that a relatively small number of 
experimental measurements can be used to 

H for a vast number of reactions. 

Hess’s Law

95



The Born-Haber Cycle

The Born-Haber Cycle

QUESTION:

1. Lattice energy

2. Meaning of a-d

Summary & Practice

1. Concept

2. Example
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Entropy and the Second Law of 
Thermodynamics

Spontaneous Change

A spontaneous change is a change that has a tendency to 
occur without needing to be driven by an external influence. 

A red-hot block of metal (top) cools spontaneously to the 
temperature of its surroundings, the cool air around it (bottom). 

A nonspontaneous change can be brought about only by doing work. 

Entropy

Entropy, S , a measure of disorder. Low entropy means little disorder; high 
entropy means great disorder .

S, in a system depends only on the initial and final states of the system 
and not on the path taken from one state to the other: 
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Reaction

Standard Molar Entropies Molar entropies for substances in their standard 
states are known as standard molar entropies and denoted S . 
The standard state for any substance is defined as the pure substance at 1 atm 
pressure 

The Second Law of Thermodynamics
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The Third Law of Thermodynamics 

Summary & Practice

1. Concept

2. Example

Gibbs Free Energy
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Gibbs Free Energy
Gibbs proposed a new state function, now called the Gibbs free energy (or just free energy), 
G, and defined as 

where T is the absolute temperature. For an isothermal process, the change in the free energy 
G, is

Gibbs Free Energy

The great importance of the introduction of Gibbs 
free energy is that, provided that the temperature 
and pressure are constant, we can predict the 
spontaneity of a process solely in terms of the 
thermodynamic properties of the system. 

The Effect of Temperature
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The Effect of Temperature
The variation of the (molar) Gibbs 
free energy with temperature for three 
phases of a substance at a given 
pressure.
The most stable phase is the phase 
with lowest molar Gibbs free energy. 
As the temperature is raised, the solid, 
liquid, and vapor phases in succession 
become the most stable. 

For some substances and at certain 
pressures, the molar Gibbs free 
energy of the liquid phase might 
never lie lower than those of the 
other two phases. For such 
substances, the liquid is never the 
stable phase and, at constant pressure, 
the solid sublimes when the 
temperature is raised to the point of 
intersection of the solid and vapor 
lines. 

Gibbs Free Energy of Reaction

The standard Gibbs free energy of formation, Gf (the “standard free energy of formation”), of a 
substance is the standard Gibbs free energy of reaction per mole for the formation of a compound 
from its elements in their most stable form. 

Summary & Practice

1. Concept

2. Example
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Electrochemistry

1.Redox reactions & Electrochemistry

2.Galvanic cells

3.Electrolysis & Chemical power source

Electrochemistry
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Redox Reactions & Electrochemistry

Oxidation Number

Keeping track of electrons gained by the substance being reduced and electrons 
lost by the substance being oxidized.
The concept of oxidation numbers (also called oxidation states) was devised as a 
way of doing this. Each atom in a neutral substance or ion is assigned an 
oxidation number (also known as an oxidation state). 

Oxidation Number

103



Oxidation Number Practice

Oxidation-Reduction Reactions

Electrons are transferred from one reactant to another. Such reactions are 
called either oxidation-reduction reactions or redox reactions. 

When an atom, ion, or molecule becomes more positively charged (that is, 
when it loses electrons), we say that it has been Loss of electrons 
by a substance is called oxidation 

Oxidation-Reduction Reactions

When an atom, ion, or molecule becomes more negatively charged (gains electrons), 
we say that it is reduced. The gain of electrons by a substance is called reduction. 
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Oxidation of Metals by Acids and Salts 

displacement reactions 

Oxidation of Metals by Acids and Salts 

The Activity Series 
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Half-Reactions 

Summary & Practice

1. Concept

2. Example

Galvanic Cells

106



Redox Reaction & Galvanic Cells

The Structure of Galvanic Cells

Electrode in Galvanic Cells

Cathode gain electron oxidation number decrease reduction
Anode lose electron oxidation number increase oxidation

The energy released in a spontaneous redox reaction can be used to 
perform electrical work. This task is accomplished through a voltaic 
(or galvanic) cell, a device in which the transfer of electrons takes 
place through an external pathway rather than directly between 
reactants present in the same reaction vessel. 
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Free Particles Flow

anions always migrate toward the anode and cations toward the cathode.

electrons flow from the anode through the external circuit to the cathode.

Cell Potentials

The potential difference between the two electrodes of a voltaic cell is called the cell 
potential, denoted Ecell, also call it the electromotive (“causing electron motion”) force, or 
emf. Because Ecell is measured in volts, also commonly called the voltage of the cell.

Cell Potentials under Standard Conditions 

The cell potential under 
standard conditions is called 
either the standard cell 
potential or standard emf
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Cell Potentials under Standard Conditions 

standard hydrogen electrode 
(SHE). 

Standard Reduction Potentials 

Because electrical potential 
measures potential energy per 
electrical charge, standard 
reduction potentials are 
intensive properties. 

Thus, changing the 
stoichiometric coefficient in a 
half-reaction does not affect 
the value of the standard 
reduction potential 
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Free Energy, and the Equilibrium Constant 

F is the Faraday constant 

Michael Faraday. (1791–1867) 

Free Energy, and the Equilibrium Constant 

The Nernst Equation 
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Concentration Cells 

Battery

Battery
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Summary & Practice

1. Concept

2. Example

Electrolysis 

Electrolytic Cells
Processes driven by an outside source of electrical energy are called electrolysis 
reactions and take place in electrolytic cells. 

driv
eact o s and 

Processes d
reactions a
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Electrolytic Cells

Quantitative Aspects of Electrolysis 

The quantity of charge passing through an electrical circuit, such 
as that in an electrolytic cell, is generally measured in coulombs. 
The charge on 1 mol of electrons is 96,485 C. A coulomb is the 
quantity of charge passing a point in a circuit in 1 s when the 
current is 1 ampere (A) 
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Summary & Practice

1. Concept

2. Example
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General Review of Inorganic Chemistry
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UKChO

1.Introduction

2.Isomer 

3.Nomenclature 

Structure Determines Properties

Structure Determines Properties
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What is Organic Chemistry

Organic Compound
A goal of organic chemistry is to relate the structure of a molecule to the reactions 
that it can undergo. We can then study the steps by which each type of reaction 
takes place, and we can learn to create new molecules by applying those processes.

Thus, it makes sense to classify organic molecules according to the subunits and 
bonds that determine their chemical reactivity: These determinants are groups of 
atoms called functional groups. 

gan
that it can unde
A goal of org
that it can un

Resonance
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Resonance

Resonance

Resonance
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Molecular Dipole Moments 

The molecular dipole moment is the resultant of all of the individual bond 
dipole moments of a substance 
The moleculThe molec

Molecular Dipole Moments 

Curved Arrows, Arrow Pushing, and Chemical Reactions 
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Curved Arrows, Arrow Pushing, and Chemical Reactions 

Curved Arrows, Arrow Pushing, and Chemical Reactions 

How Structure Affects Acid Strength H
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How Structure Affects Acid Strength H

How Structure Affects Acid Strength H

How Structure Affects Acid Strength H
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How Structure Affects Acid Strength H

How Structure Affects Acid Strength H

How Structure Affects Acid Strength H
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Acids and Bases: The Lewis View A

Acids and Bases: The Lewis View A

Summary & Practice

1. Concept

2. Example
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Isomer

Isomer

Different compounds that have the same molecular formula are 
classified as isomers. 

Isomers can be either constitutional isomers (differ in connectivity) or 
stereoisomers (differ in arrangement of atoms in space). 

Constitutional isomers are also sometimes called structural isomers.

Different coDifferent

Structural Isomers 

Write the condensed structural formulas 
for the five isomeric alkanes of molecular 
formula C6H14. 

Molecules that are structural isomers are 
built from the same atoms, but the atoms are 
connected differently; that is, the molecules 
have a different connectivity. 
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Stereoisomers (geometrical isomers)

In stereoisomers, the molecules have the 
same connectivity but the atoms are 
arranged differently in space. 

Geometrical isomers, in which atoms have 
different arrangements on either side of a double 
bond or above and below the ring of a cycloalkane 
or cycloalkene 

Stereoisomers (optical isomers) 

Optical isomers are two 
compounds with molecules that are 
exact mirror images of each other 
but are not superimposable. 

Chiral molecule, a molecule that can 
be superimposed on its mirror image, 
just as you could superimpose a pair 
of eyeglasses on its mirror image. 

Chiral Molecules 
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Chiral Molecules 

Optical Activity 

Isomer Summary 
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Summary & Practice

1. Concept

2. Example

Nomenclature

Naming Alkanes 
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Naming Alkanes 

Naming Alkanes 

There are 3 methyl groups (CH3¬) 
on the longest chain 

The longest carbon chain (in red)  has 5 
carbon atoms. The molecule is a substituted 
pentane 

Naming Alkanes 
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Naming Cycloalkane 
Alkanes that form rings, or cycles, are called cycloalkanes 

Naming Cycloalkane 

Naming Alkenes 
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Summary & Practice

1. Concept

2. Example

130



1.Alkane

2. Cycloalkanes

3. Alkenes 

4. Benzene and aromaticity

Hydrocarbon

Alkane
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Strength of Alkane Bonds: Radicals 

Strength of Alkane Bonds: Radicals 

Strength of Alkane Bonds: Radicals 
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Structure of Alkyl Radicals: Hyperconjugation 

Structure of Alkyl Radicals: Hyperconjugation 

Conversion of Petroleum: Pyrolysis 
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Chlorination of Methane: The Radical Chain Mechanism 

When methane and chlorine gas are mixed in the dark at room temperature, no reaction occurs. The mixture 
must be heated to a temperature above 300°C or irradiated with ultraviolet light (denoted by hv) before a 
reaction takes place. 

One of the two initial products is chloromethane, derived from methane in which a hydrogen atom is removed 
and replaced by chlorine. The other product of this transformation is hydrogen chloride. 

Further substitution leads to dichloromethane (methylene chloride), CH2Cl2 trichloromethane (chloroform), 
CHCl3; and tetrachloromethane (carbon tetrachloride), CCl4.

Chlorination of Methane: The Radical Chain Mechanism 

Initiation: Homolytic cleavage of the Cl–Cl bond 

Chlorination of Methane: The Radical Chain Mechanism 
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Chlorination of Methane: The Radical Chain Mechanism 

Summary & Practice

1. Concept

2. Example

Cycloalkanes 
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Names of Cycloalkanes 

Cyclohexane 

Cyclohexane 
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Substituted Cyclohexane 

Larger Cycloalkanes 

Larger Cycloalkanes 
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Summary & Practice

1. Concept

2. Example

Alkenes

Bonding in Ethene: The Pi Bond 
The double bond consists of sigma and pi components 
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The pi bond in ethene is relatively weak 

Polarization in Alkenes: Alkyl Groups are 
Inductive Electron Donor 

Catalytic Hydrogenation of Alkenes 

When an alkene and hydrogen gas are mixed in the presence of 
catalysts such as palladium or platinum, two hydrogen atoms add to 
the double bond to give the saturated alkane.
This reaction, which is called hydrogenation, is very exothermic. 
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Catalytic Hydrogenation of Alkenes 

Catalytic Hydrogenation of Alkenes 

Preparation of Alkenes 
Alkenes from Haloalkanes and Alkyl Sulfonates: Bimolecular Elimination

E2 Reaction of 2-Bromo-2-methylbutane with Ethoxide 
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Preparation of Alkenes 

Preparation of Alkenes:Dehydration of Alcohols 

Degree of Unsaturation 

The degree of unsaturation is 
defined as the sum of the numbers 

bonds present in the 
molecule. 
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Electrophilic Addition of Hydrogen Halides 

Electrophilic attack by protons gives carbocations 

Electrophilic Addition of Hydrogen Halides 
Nucleophilic trapping of carbocations is nonstereoselective

The Markovnikov Rule

We can see from these examples that, if the carbon atoms participating in 
the double bond are not equally substituted, the proton from the hydrogen 
halide attaches itself to the less substituted carbon. 

As a consequence, the halogen ends up at the more substituted carbon. This 
phenomenon, referred to as the Markovnikov rule, 
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The Markovnikov Rule

Alcohol Synthesis by Electrophilic Hydration 

The elements of water, H and OH, add across the double bond, an electrophilic 
hydration. The addition follows the Markovnikov rule in that H+ adds to the less 
substituted carbon and the OH group ends up at the more substituted one. 

Alcohol Synthesis by Electrophilic Hydration 
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Alkene Hydration and Alcohol Dehydration 

Acid-Catalyzed Equilibration of Alkenes 

Electrophilic Addition of Halogens 
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Electrophilic Addition of Halogens 

The Generality of Electrophilic Addition 
The bromonium ion can be trapped by other nucleophiles 
The creation of a bromonium ion in alkene brominations suggests that, in the presence of other nucleophiles, competition 
might be observed in the trapping of the intermediate. For example, bromination of cyclopentene in water as solvent gives 
the vicinal bromoalcohol (common name, bromohydrin). In this case, the bromonium ion is attacked by water, which is 
present in large excess and therefore outcompeting bromide in this step. The net transformation is the anti addition of Br 
and OH to the double bond. The other product formed is HBr. The corresponding chloroalcohols (chlorohydrins) can be 
made from chlorine in water through a chloronium ion intermediate. 

Electrophilic Addition of Halogens 

Halonium ion opening can be regioselective 
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Oxymercuration–Demercuration

oxymercuration–demercuration, in which mercuric acetate acts as the reagent. In the first step 
(oxymercuration), treatment of an alkene with this species in the presence of water leads to the 
corresponding addition product. 

Hydroboration–Oxidation (anti-Markovnikov addition) 

The oxidation of alkylboranes gives alcohols 

The boron–hydrogen bond adds across double bonds 

Dimerization, Oligomerization, Polymerization of Alkenes 

Is it possible for alkenes to react with one another? Indeed it is, but only in the presence of an 
appropriate catalyst—for example, an acid, a radical, a base, or a transition metal. 
In this reaction the unsaturated centers of the alkene monomer are linked to form dimers, trimers, 
oligomers, and ultimately polymers, substances of great industrial importance. 
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Dimerization, Oligomerization, Polymerization of Alkenes 

Dimerization, Oligomerization, Polymerization of Alkenes 

Summary & Practice

1. Concept

2. Example
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Benzene and aromaticity 

Naming the Benzenes 

Electrophilic Aromatic Substitution 

Benzene undergoes substitution reactions with electrophiles 

Electrophilic aromatic substitution in benzene proceeds by addition of the 
electrophile followed by proton loss 
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Electrophilic Aromatic Substitution 

Electrophilic Aromatic Substitution 

Halogenation of Benzene 

Activation of Bromine by the Lewis Acid FeBr3 Catalyst 
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Halogenation of Benzene 

Nitration and Sulfonation of Benzene

Nitration and Sulfonation of Benzene
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Nitration and Sulfonation of Benzene

Nitration and Sulfonation of Benzene

Nitration and Sulfonation of Benzene

Benzenesulfonic acids have important uses 
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Friedel-Crafts Alkylation 
In 1877, Friedel and Crafts discovered that a haloalkane reacts with benzene in the presence 
of an aluminum halide. The resulting products are the alkylbenzene and hydrogen halide. 
This reaction, which can be carried out in the presence of other Lewis acid catalysts, is 
called the Friedel-Crafts alkylation of benzene. 

Friedel-Crafts Alkylation 

Friedel-Crafts Alkylation 

152



Friedel-Crafts Alkylation 

Friedel-Crafts Alkylation 

Friedel-Crafts alkylations can be carried out with any starting material that 
functions as a precursor to a carbocation, such as an alcohol or alkene 

Friedel-Crafts Alkylation 

153



Friedel-Crafts Acylation
The second electrophilic aromatic substitution that forms carbon-carbon 
bonds is Friedel-Crafts acylation. 
IUPAC retains the common naming of formyl for            and acetyl for         r 

Friedel-Crafts Acylation

Friedel-Crafts Acylation
Acyl halides react with Lewis acids to produce acylium ions 
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Friedel-Crafts Acylation

Friedel-Crafts Acylation
Acylium ions undergo electrophilic aromatic substitution 

Electrophilic Acylation p y

Friedel-Crafts Acylation
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Friedel-Crafts Acylation

Diels-Alder Cycloaddition 

Diels-Alder Cycloaddition 

156



Summary & Practice

1. Concept

2. Example
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1.Nucleophilic Substitution 

2. Further Reactions of Haloalkane

3. Elimination of Haloalkane

Haloalkane

Nucleophilic Substitution
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Nucleophilic Substitution 
Haloalkanes contain an electrophilic carbon atom, which may react with nucleophiles—substances that 
contain an unshared electron pair. The nucleophilic reagent can be an anion, such as hydroxide or a neutral 
species, such as ammonia (:NH3). In this process, which we call nucleophilic substitution, the reagent 
attacks the haloalkane and replaces the halide 

Reaction Mechanisms 

Reaction Mechanisms 
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SN2 reaction

SN2 reaction

The Leaving Group 

Leaving-group ability is a measure 
of the ease of its displacement 
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The Leaving Group 

Nucleophile 

Increasing negative charge increases 
nucleophilicity p y

Nucleophile 

Nucleophilicity decreases to the right in the periodic 
table table
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Nucleophile 
Solvation impedes nucleophilicity 

Summary & Practice

1. Concept

2. Example

Further Reactions of Haloalkane 
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Tertiary and Secondary Haloalkanes 

Unimolecular Nucleophilic Substitution

Unimolecular Nucleophilic Substitution
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Unimolecular Nucleophilic Substitution

Effects of Solvent, Leaving Group, and Nucleophile 
on Unimolecular Substitution 

Effects of Solvent, Leaving Group, and Nucleophile 
on Unimolecular Substitution 

The SN1 reaction speeds up with better leaving groups 

The strength of the nucleophile affects the product distribution but not the reaction rate 
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Carbocation Stability 

Summary & Practice

1. Concept

2. Example

1 C

Elimination 
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Unimolecular Elimination: E1 

Reaction Mechanism 

Product
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Bimolecular Elimination: E2 
E2 reactions proceed in one step 

Bimolecular Elimination: E2 

Summary & Practice

1. Concept

2. Example
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4.Synthesis of Alcohols 

5.Reaction of Alcohols 

6.Ester

Alcohol

Synthesis of Alcohols
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Structural and Physical Properties of Alcohols 
The structure of alcohols resembles that of water 

Structural and Physical Properties of Alcohols 
Hydrogen bonding raises the boiling points and water solubilities of alcohols 

Alcohols as Acids and Bases 
The acidity of alcohols resembles that of water 
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Synthesis of Alcohols by Nucleophilic Substitution 

Synthesis of Alcohols by Nucleophilic Substitution 

Oxidation–Reduction Relation Between Alcohols and 
Carbonyl Compounds 
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Oxidation–Reduction Relation Between Alcohols and
Carbonyl Compounds 

Alcohols can form by hydride reduction of the 
carbonyl group 

Oxidation–Reduction Relation Between Alcohols and 
Carbonyl Compounds 

Chromium reagents for alcohol oxidation 
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Organometallic Reagents 

Alkyllithium and alkylmagnesium reagents are prepared from haloalkanes 

Organometallic Reagents 
The alkylmetal bond is strongly polar 

Organometallic Reagents 

172



Organometallic Reagents in the Synthesis of Alcohols 

Organometallic Reagents in the Synthesis of Alcohols 

Organometallic Reagents in the Synthesis of Alcohols 
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Summary & Practice

1. Concept

2. Example

Reaction of Alcohols

Reactions of Alcohols with Base 
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Reactions of Alcohols with Base 

Reactions of Alcohols with Strong Acids 

Reactions of Alcohols with Strong Acids 
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Reactions of Alcohols with Strong Acids 

Esters from Alcohols

Esters from Alcohols

Alcohols react with carboxylic acids to give organic esters 
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Haloalkane Synthesis 

Haloalkanes can be made from alcohols through inorganic 
esters 

Haloalkane Synthesis 

Haloalkane Synthesis 
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Haloalkane Synthesis 

Haloalkane Synthesis 

Williamson Ether Synthesis
Ethers are prepared by SN2 reactions 
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Williamson Ether Synthesis

Cyclic ethers can be prepared by intramolecular Williamson synthesis 

Williamson Ether Synthesis

Cyclic ethers can be prepared by intramolecular Williamson synthesis 

Synthesis of Ethers: Alcohols and Mineral Acids 
Alcohols give ethers by both SN2 and SN1 mechanisms 

Mechanism of Ether Synthesis from Primary Alcohols: Protonation and 
SN2 
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Synthesis of Ethers: Alcohols and Mineral Acids 

Alkene Synthesis from a Primary Alcohol and Strong Acid at Elevated Temperature: E2 

Synthesis of Ethers: Alcohols and Mineral Acids 

SN1 Mechanism for the Acid-Catalyzed Ether Formation from 2- Propanol 

Synthesis of Ethers: Alcohols and Mineral Acids 
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Summary & Practice

1. Concept

2. Example

Ether

Peroxides from Ethers 

As mentioned earlier, ethers are normally rather inert. They do, however, react 
slowly with oxygen by radical mechanisms to form hydroperoxides and peroxides. 
Because peroxides can decompose explosively, extreme care should be taken with 
samples of ethers that have been exposed to air for several days. 
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Primary Ether Cleavage with HBr 

Primary-Secondary Ether Cleavage with HI

Primary-Secondary Ether Cleavage with HI SN2 at Primary Center 

Tertiary butyl ethers function to protect alcohols 
Primary-Tertiary Ether Cleavage with Dilute Acid: SN1 and E1 at Tertiary Center 

Protecting-Group Strategy 
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Reactions of Oxacyclopropane

Nucleophilic ring opening of oxacyclopropanes by SN2 is regioselective and stereospecific 

Reactions of Oxacyclopropane

Reactions of Oxacyclopropane
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Acids catalyze oxacyclopropane ring opening 

Acids catalyze oxacyclopropane ring opening 

Summary & Practice

1. Concept

2. Example
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1. Aldehydes and ketone

2. Enol, enolate and aldol condensation

3. Carboxylic Acids 

4. Carboxylic Acid Derivatives 

Organic Derivative

Aldehydes and Ketone

185



Naming the Aldehydes and Ketones 

Preparation of Aldehydes and Ketones 

1.Oxidation of alcohols 

2.Ozonolysis of alkenes

3.Hydration of alkynes

4.Friedel-Crafts acylation 

Preparation of Aldehydes and Ketones 
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Preparation of Aldehydes and Ketones 
Water Causes the Overoxidation of Primary Alcohols y

Preparation of Aldehydes and Ketones 

Reactivity of the Carbonyl Group 

There are three regions of reactivity in aldehydes and ketones 
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Reactivity of the Carbonyl Group 
The carbonyl group undergoes ionic additions 

Reactivity of the Carbonyl Group 
The carbonyl group undergoes ionic additions 

Reactivity of the Carbonyl Group 

1. Water 

2. Alcohol 

3. Ammonia (R=H) or primary 
amine (R = alkyl or aryl)

4. Secondary amine 
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Reactivity of the Carbonyl Group 

Reactivity of the Carbonyl Group 

Addition of Water to Form Hydrates 

Water hydrates the carbonyl group 
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Addition of Water to Form Hydrates 

Addition of Alcohols to Form Hemiacetals and Acetals 

Aldehydes and ketones form hemiacetals reversibly 

Addition of Alcohols to Form Hemiacetals and Acetals 
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Addition of Alcohols to Form Hemiacetals and Acetals 

Addition of Alcohols to Form Hemiacetals and Acetals 

Step 2. Acetal generation: acid-catalyzed SN1 displacement of water by second molecule of 
alcohol 

Addition of Alcohols to Form Hemiacetals and Acetals 

Acetal Formation and Hydrolysis 
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Acetals as Protecting Groups 

Cyclic acetal formation protects carbonyl groups from attack by nucleophiles 

Nucleophilic Addition of Ammonia and Its Derivatives 

Nucleophilic Addition of Ammonia and Its Derivatives 
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The Wittig Reaction (Addition of Phosphorus Ylides ) 

Another useful reagent in nucleophilic additions contains a 
carbanion that is stabilized by an adjacent, positively charged 
phosphorus group. Such a species is called a phosphorus ylide, 
and its attack on aldehydes and ketones is called the Wittig 
reaction. 

The Wittig Reaction (Addition of Phosphorus Ylides 
) 

The Wittig Reaction (Addition of Phosphorus Ylides 
) 
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Summary & Practice

1. Concept

2. Example

Enol, Enolate and Aldol Condensation

Enolate Ions 

-Hydrogens 
Quantitative Ketone Enolate Formation with 
LDA 
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Keto–Enol Equilibria 

Halogenation of Aldehydes and Ketones 

Halogenation of Aldehydes and Ketones 
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Alkylation of Aldehydes and Ketones 

Alkylation of Aldehydes and Ketones 

Aldol Condensation 

Aldehydes undergo base-catalyzed condensations 
Addition of a small amount of cold dilute aqueous sodium hydroxide to acetaldehyde 
initiates the conversion of the aldehyde into a dimer, 3- hydroxybutanal, with the 
common name aldol (from aldehyde alcohol), a transformation called aldol addition. 
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Crossed Aldol Condensation 

Crossed Aldol Condensation 

Successful Crossed 
Aldol Condensations 
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Carboxylic Acids 

Structural and Physical Properties

Formic acid is planar 

Acidic and Basic Character 
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Introducing the Carboxy Functional Group 

Introducing the Carboxy Functional Group 

Introducing the Carboxy Functional Group 
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Substitution at the Carboxy Carbon 
The carbonyl carbon is attacked by nucleophiles 

Substitution at the Carboxy Carbon 

Acyl Halides and Anhydrides 
Replacement of the hydroxy group in RCOOH by halide gives rise to acyl halides; 

carboxylic anhydrides 

Acyl halides are formed by using inorganic derivatives of carboxylic acids 
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Acyl Halides and Anhydrides 

Esters 

Esters 

When hydroxy carboxylic acids are treated with catalytic amounts of mineral acid, cyclic 
esters—or lactones—may form. This process is called intramolecular esterification and is 
favorable for formation of five- and six- membered rings. 
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Amides 

Amides 

In analogy to hydroxycarboxylic acids, which form lactones, some amino acids 
undergo cyclization to the corresponding cyclic amides, called lactams 

Amino acids cyclize to lactams 

Reduction of Carboxylic Acids 
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The Hell-Volhard-Zelinsky Reaction 

Bromination Next to the Carboxy Group 

Summary & Practice

1. Concept

2. Example

Carboxylic Acid Derivatives 
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Relative Reactivities, Structures, 

Acyl Halides 

Acyl Halides 
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Acyl Halides 

Acyl Halides 

Acyl Halides 
Amides from Acyl Halides 
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Acyl Halides 

Acyl Halides 

Carboxylic Anhydrides 
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Carboxylic Anhydrides 

Carboxylic Anhydrides 

Nucleophilic Ring Opening of Cyclic Anhydrides 

Esters 
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Esters 

Esters 

Esters Amines convert esters into amides 
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Esters 

Esters 

Reduction of an Ester to an Alcohol 

Esters 
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Summary & Practice

1. Concept

2. Example
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Organic Synthesis

2018-4
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Summary & Practice

1. Concept

2. Example
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