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l * Quick Revision Notes * : -

Al. ATOMS, MOLECULES & STOICHIOMETRY and REDOX EQUATIONS )

1) Know the definitions of the following terms!

(i) Relative Atomic Mass based on the '*C scale.

(i) Relative Isotopic Mass based on the '?C scale.
(iii) Relative Molecular Mass based on the '’C scale.
(iv) Relative Formula Mass based on the '°C scale.
(v) Mole (in terms of Avogadro constant)

(vi) Empirical and Molecular formulae

2) Be able to calculate the relative atomic mass (A;) of an element given the relative
abundances of its isotopes.

Average A, = abundance x A of isotope 1 + abundance x A; of isotope 2 + .......

Total abundance

3) Calculate empirical and molecular formulae using combustion data or composition by
mass.
For combustion of hydrocarbons: C,H, + (x+y/4)0, —— xCO,+ (y/2)H,0
Be careful when approximating after obtaining the ratio of moles.
Eg. 12 : 1 =
125
1.33
1.5
1.67
175 :
In general, multiply by suitable factor to get nearest whole number and DO NOT
SIMPLY ROUND UP/DOWN.
Ending no. .2 .25 .33
Multiply by 5 4 3
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4) Write and /or construct balanced equations and perform calculations using mole ratios.
Identify the limiting reagent!
1 mole of gas at r.t.p. and s.t.p. occupies 24 dm® and 22.4 dm?® respectively.
No. of moles = mass/molar mass
Concentration in mol dm™= no. of moles/volume of solution in dm®
Concentration in g dm™ = mass/volume of solution in dm®

5) 1 mole of a species contains 6.02 x 10 particles of that species.
1 mole of NH; contains 1 mole of N atoms and 3 moles of H atoms, 6.02 x 102 N atoms
and 3 x6.02 x 10 H atoms.

6) Be able to write balanced redox equations. (even if you've never seen the species before)
To write a balanced half-equation:
Step 1: Balance the element other than O and H.
Step 2: Balance O using H;0.
Step 3: Balance H using H".
Step 4: Add equal no. of moles of OH™ on both sides of half equation so as to completely
neutralize all H'. (Step 4 is used only if in alkali/neutral conditions)
Step 5: Balance charges using electrons.




7)

8)

Be familiar with the following terminology:

Sulfur trioxide SO; Nitrogen dioxide NO,
Sulfate/ sulfate (Vi) S0~ Nitrate/ nitrate (V) NOs
Sulfuric acid H,SO, Nitric acid HNO;
Sulfur dioxide SO, Nitrogen oxide NO
Sulfite/ sulfate (1V) SO~ Nitrite/ nitrite (Ill) NO,
Sulfurous acid H,S0; Nitrous acid HNO,
Chromate (V1) CrO Dichromate (V1) Cr,0/
Manganate (VII) MnOy4 Manganese (l1) Mn?*

Be familiar with these various common titrations.
(a) MnOy with Fe** (purple MnOy is reduced to colourless Mn?*, Fe** is oxidized to Fe*"))
[MnO, : Fe** =1:5)
(b) MnO, with H,0, (purple MnOy is reduced to colourless Mn?*, H,0, is oxidized to O,.)
[MnO4 : H,0, = 2: 5]
Important note: In this case the half equation for H,0, is H,0, > O, + 2H" + 2e” and
NOT H,0, 2 H,0 + O,, which shows the disproportionation of H,O, as it is oxidized to
O, as well as reduced to H,0.
| Cr,07% with Fe** (orange Cr,0;% is reduced to green Cr**, Fe?*is oxidized to Fe**.)
[Cr,0/% : Fe** = 1:6]
(d) A common 2-step reaction involving iodine.
(i) KI (a source of I'), is oxidized by excess reagent to get >

(ii) 1, formed from (i) is then titrated with S,05%, where |, is reduced to I and S,0:% is
oxidized to S406%. [l2: S;05* = 1: 2]
(e) C,04% as a reducing agent. How to write the equation for C,0,> being oxidized?
Product: CO,. Use steps in point 7 above to write the half equation.

| A2.

THE GASEQUS STATE

1)

2)

3)

4)

Be able to state basic assumptions of the kinetic theory of ideal gases, namely
i) Gases consist of small particles of negligible volumes.
ii) The gaseous particles exert no attractive forces on each other.
Know the conditions necessary for a gas to approach ideality (i.e. low pressure and high
temperature). This is because
(a) at low pressure, the volume of gas particles of a real gas becomes negligible as
compared to the volume occupied by the gas.
(b) at high temperature, the gas particles are able to overcome most of the
intermolecular forces of attraction.
Note that at these conditions of low pressure and high temperature, the real gas is able
to behave close to the assumptions of an ideal gas (in point 1 above). Conversely, at
high pressures and low temperatures, a real gas will deviate most greatly from ideality.

Gases with larger molecules (and thus electron cloud size) and stronger intermolecular
attractive forces tend to deviate more from ideal gas behaviour.

State & use the general gas equation pV = nRT in calculations, including the
determination of M.. -
Units are very important!!!!

Value of R 8.31 J K'mol” 0.082 atm™ mol” K
Pressure (p) Pa or Nm™ (1 atm = 1.013 x 10° Pa) atm
Volume (V) m> (1em’= 1x10°m°; 1dm°=1x dm®
10° m®)
Temperature (T) K (25° =25 + 273 K) K
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| c.

CHEMICAL BONDING

1) When drawing dot-cross diagrams. note that

All atoms in a molecule “want” to fulfii the OCTET rule — but this is NOT
compulsory. E.g. BF; has only 6 electrons in the valence shell of B, and that is
why it readily accepts a lone pair from NH; to form BF;.NH; via coordinate
(dative) bonding.

General steps when drawing dot-cross diagrams for simple covalent molecules:

(i) Satisfy all side atoms first. E.g. Cl is a side atom and needs 1 imarc
electron to be shared with it. Hence the central atom forms a singie
bond with it.

(i) Account for all the electrons of the central atom. e.g. XeF,: after
forming 4 single bonds with F, | must draw 4 more electrons for X¢
since it is from group 8 and should have 8 electrons around its
valence shell.

(ili) Check that, if the element is in period 1 or 2, that the central atom
does not have more than a total of 8 shared electrons around it.

Elements in period 3 (period containing P) and beyond can expand their octet
and thus accommodate more than 8 valence electrons. When it is possible to
expand its octet, the central atom would form double bonds with a side atom that
needs to share 2 electrons (e.g. O) rather than coordinate (dative) bonds eveai i
it has to accommodate more than 8 valence electrons. This is because doubic
bonds are stronger than a single dative bond.

For compounds XO,, draw all the X-O bonds as double bonds if X is from period
3 and beyond. Otherwise, dative bonds may be drawn. For anions XO,™, each of
the negative charge is accommodated on m number of oxygen atoms, and ihcze
are singly bonded to the central atom. n-m number of oxygen atoms are than
drawn as double bonds (if X is from period 3 and beyond), otherwise dative
bonds may be drawn.

For ionic bonding, the correct number of each ion should be indicated.

Remember to indicate the overall charge of any ions outside the square bracket.

2) Predicting shapes of molecules/ions.

Be clear about the VSEPR Theory- Regions of electron density arrange themselves as
far apart as possible so as to minimize repulsion.

Find out the electron pair geometry based on total number of electron regions, and ther:
determine the shape based on number of bond pairs and lone pairs. Note: the shape: of
the molecule and how the bond and lone pairs are arranged determine whether a
molecule is polar. Symmetrically arranged => zero overall dipole moment =>non-polar




Factors affecting bond angles:
i) Lp.-Lp. repulsion > I.p.-b.p. repulsion > b.p.-b.p. repulsion

Lone pairs exert greater repulsion as they are closer to the nuclei. E.g. 4 bond pairs:

bond angle 109.5° 3 bond pairs 1 lone pair: bond angle 107°; 2 bond pairs 2 lone

pairs: bond angle 105°
if) Electronegativity

Atoms which are more electronegative than the central atom will draw the shared
electron density further from the nucleus, resulting in a weaker repulsive force
exerted by the bonding pair. Bond angle will be smaller.

i)

Size of the attached atoms

A larger attached atom will have a larger electron cloud which will exert a repulsive
force and prevent the attached atoms from coming too close together. Bond angle
will be larger.

3) When explaining m.p. or b.p.

Simple Covalent
(weak forces of interaction between
molecules although they have very
Structure Giant Giant Giant strong covalent bonds within the
Metallic lonic Covalent molecule. it is the intermolecular
interactions that are being overcome
during melting /boiling, not the covalent
bonds)
Type of Strong Strong Strong Instantaneou | Permanen | Hydrogen
bonds forces of ionic covalent s dipole- t dipole- bonds
being attraction bonds bonds induced permanent | -
overcome | between between between aill | dipole dipole molecules
when positive oppositely | atoms interactions interaction | with H
melting metallic charged (id-id) s (pd-pd) DIRECT!.
and/or cations and | ions - for non- -for polar | Y bonded
boiling sea of polar molecules | to F/O/N.
delocalised molecules,
electrons and
essentially
present in all
molecules
Remarks | When Bond Bond NOTE: Hydrogen bonds > pd-pd > id-id
comparing | strength strength ONLY if the molecules have similar
m.p. of determine | dependent | electron cloud sizes.
metals, the | d by | on E.g. compounds with id-id interactions
smaller the | lattice effectivenes | will have higher m.p./b.p. than
cationand | energy. s of overlap. | compounds with pd-pd interactions if
the larger e.g. melting | the electron cloud size of the molecule
the number ptof C with id-id interactions is larger than that
of (diamond) of the molecule with pd-pd interactions.
delocalised higher than
electrons, m.p. of Si.
the stronger
the bond.
i.e. strength
of metallic
bond
aq'rt
m.p Generally high Generally low
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4) lonic bond —

5)

6)

7

8)

a)

b)

c)

The strength of the ionic bond is indicated by the lattice energy of the ionic-
compound:

ILE.| a [(g.q)/ (re + 1)

From the relationship above, we can deduce that high charges and small inter-ionic
distances will lead to a more exothermic L.E. and hence, a stronger ionic bond.

lonic bonds are non-directional, i.e. there is no preferred orientation of the ions.

lonic compounds usually:

i) Possess high m.p. and b.p. because all the ionic bonds need to be weakened /
broken during a change of state.

ii) Are soluble in a polar solvent (e.g. water) but insoluble in a non-polar solvent
(e.g. hexane). For the ionic compound to be soluble, the energy released from
solvation (forming ion-solvent bonds) must be comparable with the energy
absorbed for breaking up the lattice (a L.E.).

iii) Conduct electricity in the molten or aqueous states.

The covalent bond —

Usually formed between non-metallic atoms. Some common exceptions: FeCl;, AICL;,
BeCl; are covalent even though formed between metallic and non-metallic atoms. This
covalent character is a result of the high charge density of the cation and polarisability of
the anion. (AlF; is ionic due to the small anion which is not easily polarised).

The strength of the covalent bond is dependent on its bond energy (the energy required
to break one mole of a particular bond in one mole of a gaseous substance) —

i)
i)

iii)

The higher the bond order, the stronger the covalent bond, e.g. C=C > C-C.

The smalier the orbitals involved, the less diffused the orbitals and the more
effective the overlap and the stronger the covalent bond. (most significant
reason to account for strength of covalent bonds)

The greater the difference in the electronegativity between the bonding atoms, the
more polar the bond, the stronger the covalent bond (in general) because the
resultant dipoles may reinforce the bond through added electrostatic attraction
between the atoms.

Be able to describe and draw o- and n-bonds.

o-bonds are a result of head-on overlap, n-bonds are a result of side-on overlap. A single
bond is made up of 1 o-bond, while a double bond is made up of 1 o-bond and 1 x-bond
and a triple bond is made up of 1 o-bond and 2 r-bonds.

Possible ways of forming a dimer

- through dative (coordinate bonding) e.g. ALClg
- through hydrogen bonds e.g. (HCOOH) ,

Be able to account for the lower density of ice compared to water w.r.t. hydrogen
bonding.




D.

CHEMICAL ENERGETICS

U Standard Enthalpy Change of Reaction, AH,’:

The enthalpy change when molar quantities of reactants as specified by the chemicai |

equation react to form products at 1 atmosphere pressure and 298 K temperature. %

Standard Enthalpy Change of Formation, AH,’:

The enthalpy change when 1 mole of a pure compound in a specified state is forme :
from its constituent elements in their standard states, at 298 K and 1 atmospheis |

pressure. |

Standard Enthalpy Change of Combustion, AH.°:

The heat energy evolved ( ie exothermic) when 1 mole of the substance is completely |

burned in oxygen at 298 K and 1 atmosphere pressure.

Standard Enthalpy Change of Hydration, AHpy4°:

The heat energy evolved when 1 mole of the gaseous ion is dissolved in a large amount
of water at 298 K and 1 atm.

Standard Enthalpy Change of Solution, AHsein”:

The heat change when 1 mole of solute is completely dissolved in enough solvent so
that no further heat change takes place on adding more solvent (infinite dilution) at 29¢

K and 1 atm.

Standard Enthalpy Change of Neutralisation, AHpey®:

The heat change when an amount of acid neutralises a base to form 1 mole of water (in '

dilute aqueous solution) at 298 K and 1 atmosphere pressure.

Standard Enthalpy Change of Atomisation, AH°:

The enthalpy change when 1 mole of atoms in the gas phase is formed from the

element in the defined physical state under standard conditions.

Bond energy

The bond energy of a X-Y bond is the average energy absorbed when 1 mole of X-Y

bonds are broken in gaseous state. The stronger the bond, the higher the bond energy.

Bond dissociation energy:

Bond Dissociation Energy of a X-Y bond is the energy required to break 1 mole of that

particular X-Y bond in a particular compound in gaseous state.

Lattice Energy

Lattice energy is the enthalpy change when one mole of a pure solid ionic compound is

formed from its constituent gaseous ions under standard conditions.
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QO First lonisation Energy:

First ionisation energy is the energy required to remove 1 mole of electrons from one
mole of gaseous atoms in the ground state to form one mole of gaseous unipositive
charged cations.

First Electron Affinity:

First electron affinity is the energy change when 1 mole of electrons are added to one
mole of atoms in the gaseous state to form one mole of gaseous X ions.

O Second Electron Affinity:

Second electron affinity is the energy change when 1 mole of electrons are added to
-one mole of gaseous X ions to form one mole of gaseous X* ions.

Summary of problem solving approach for Chemical Energetics

1.

q = mcAT

Shortcuts: Use of formulae/ bond energies.
Hess' Cycle

Energy Level Diagram

hON=

Step 1: Using g = mcAT to find heat energy released/ absorbed.

It is easy to identify when to use this equation. The question will mention that there is a
rise in temperature in the solution, and immediately this equation should come to mind.
However, many students do not understand what the symbols represent.

(c)-Specific heat capacity of water (m) mass
quantity of heat required to raise the temperature of the mass that is computed must be the
1g of water by 1 K. The heat energy released or mass of SOLUTION ONLY (aqueous
absorbed is used to raise or lower the temperature of solutions consist mainly of water) and
water. The mass is thus mass of SOLUTION ONLY. does not include mass of any solids.

Step 2: Finding enthalpy change of reaction using AH = g/n
Note: n = no. of moles of limiting reagent

Use of formulae/ bond energies
(short-cut; actually can be derived using Hess' cycle).

(a) AH,» = ZAH{products) - ZAH{reactants)
Qn: When do we use this equation?
Ans: When data given is in the form of AH;.

Example: (Pls verify your answers with your friends.)

The yellow gas chlorine dioxide, ClO,, has been used for many years as a flour-

improving agent in bread-making. It can be made in the laboratory by the

following reaction:

2AgClOx(s) + Clx(g) > 2AgCli(s) + 2CIOx(g) + 02(g)AH, zero.

Calculate "and comment on, the value of AH®(CIO,), given the following data:
(AgCI03) = -25kJmol”

AH, (AgCl) = -127kJmol™ [3] N92/1/4(a)

Important Note: AH; of elements in their standard states =0




(b) Using bond energy data from Data Booklet.
Qn: When do we use this method?
Ans: When the question asks you to use bond energy values from the Data
Booklet.

Step 1: Draw out the FULL structural formulae of all species in the chemical
equation. This is so that you can see all the bonds and not miss out on any
bonds.

Step 2: Refer to Data Booklet for bond energy values. Write them in a table form.

Bonds broken (+ve) Bonds formed (-ve)

Step 3: Remember that energy is required to break bonds and energy is released
when bonds are formed. Therefore all values in the bonds broken column should
be positive, while all values in the bonds formed column should be negative. To
find the overall enthalpy for reaction in question, simply add the summation of the
2 columns together.

Example: (PIs verify your answers with your friends.)

Hydrogen is used in large quantities in industry to convert nitrogen into ammonia, for
use in fertilizers. One method of manufacturing hydrogen is to pass methane and
steam over a heated nickel catalyst.

CHa(g) + H20(9) CO(g) + 3Hxg) AH, =+ 206kJmol’

(i) Use the value of AH, above, and bond energy values from the Data
Booklet, to calculate the total bond energy in the carbon monoxide
molecule.

(ii) Suggest why the bond energy you have calculated in (i) is larger than
either of the carbon-oxygen bond energies in the Data Booklet.

J96/1/2

Note: A very common question asked is why bond energy value differs from that
found in the Data Booklet. Reason: Bond energy values in the Data Booklet are

average values.

3. Hess' Cycle
Qn: When do we use this method?
Ans: For almost ALL thermochemistry questions except for those which specify that an
energy level diagram must be drawn.

A Hess' cycle looks like this:

N 7Y
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Step 1: Write down the equation for the enthalpy change in question. Reactants at A,
products at B. - '

Step 2: Decide what should be written for C. You will decide what C should be
depending on the information that is provided. If the question provides you
with enthalpy of atomization values, for example, there will be atoms at C. If the
question gives you enthalpy of combustion values, then you will have the
products of the combustion of the species at A and B at C. Species at A, B and
C must all balance with each other.

Step 3: Draw the arrows. The direction of the arrows will depend on the information
given. This requires a thorough knowledge of the different enthalpy definitions.
Plug in the values of the different enthalpies next to the arrows.

Step 4: Use your knowledge of vectors to work out the enthalpy change in question.

Energy level diagrams
Qn: When do we use this method?
Ans: When the question asks explicitly for an energy level diagram.
Typically used when lattice energy is involved.
Thorough knowledge o f enthalpy definitions needed.
Relevant data that can be obtained from Data Booklet:

. 1 jonization energy
. 2™ ionization energy
. bond energy

An energy level diagram looks like this, with varying number of steps/ energy levels:

Enthalpy

A

The cycle must be complete. i.e. forms one full circle.
® Each step represents one enthalpy change.
(i) An arrow pointing upwards represents an endothermic reaction.
(iii) An arrow pointing downwards represents an exothermic reaction.
(iv) Labelling of numbers on y-axis not needed, just label each enthalpy
change. If there is a 0 labelled on the y-axis, that would represent the
ELEMENTS at standard conditions.
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| E.

Kinetics Summary

|

1. Know the definitions! '

@

rate of reaction

The change in concentration of a reactant or product with time.

i.e. rate at a given time t = —dlreactant] _ d[product]
dt dt

(i)

rate equation

The rate equation or rate law is a mathematical equation that shows
how the rate of reaction is dependent on the concentrations of the
reactants,; it relates the rate of the reaction to the concentration of
reactants raised to the appropriate power. E.g. rate = k[A]"[B]"

(iii)

order of
-reaction

® The order of reaction with respect to a reactant is the power to
which the concentration of that reactant is raised to in the rate
law. :

@ The overall order of reaction is the sum of the powers to which
the concentrations of the reactants are raised to in the rate law.

(iv) | rate constant | The rate constant, k is a proportionality constant in the rate
equation of the reaction.
(v) | halflifeofa | The time required for the concentration of a limiting reactant to
reaction decrease to half of its initial concentration.
(vi) rate- The slowest step in the sequence of steps leading to the formation
determining | of the product.
step
{vii) activation The minimum amount of energy that the reactant particles must
energy, E, possess before they can collide successfully to form products
{viii) catalyst A substance which increases the rate of a chemical reaction

without itself undergoing any permanent chemical change. It is
regenerated at the end of the reaction.

2. Determining orders of reaction and rate equations

| a.

Observing initial rates data (Direct comparison) I

If rate remains constant when concentration is doubled => zero order
If rate doubles when concentration is doubled => 1% order
If rate quadruples when concentration is doubled => 2™ order

(e.g. when concentration of a reactant is doubled while keeping concentration of the other
reactants constant, rate doubles => order 1 with respect to the reactant)

] b. Mathematical equations (Indices method)

Usually used because (a) is not feasible due to more complicated numbers
initial rate of experiment 2 _ k[AR[B}"
initial rate of experiment 1 k[A}°[B]}°
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c. Graphical data

Example: 2H,BH ., 2H,0+ O,
. Expt H,0,] / mol dm™ Initial [OH ] / moldm™
[H,05] mol dm ™ : (10| [OH |
O 1 0.1 0.1
2 0.1 0.05
0.100
Solution

0.050}—-

8828

0

t/ min

= To find order of reaction with respect to H,0,, use
one of the graphs and find the half life. If half life is
constant, order is 1 wrt H,0,.

= To find order of reaction with respect to OH", draw
a tangent at t = 0 for both expts and compare the
value of the gradient (which represents rate) when
[OH7 in expt 2 is half that in expt 1. If grad of curve
from expt 2 is half that in expt 1, order wrt OH™is 1.

3. Pseudo-order reactions.

Consider a reaction in which rate = k[A][B]

If [A] is essentially constant, then rate = k'[B] where k' = k[A].

(a) This occurs

(i) when A is present in large excess such that its concentration hardly changes

(ii) if Ais a catalyst.

(b) This is a pseudo first order reaction wrt to A. If a graph of [B] against time was plotted,
(i) the graph will have a constant half life (t,,,)
(i) t2= In2/k’ = In2/(k[A]). The true rate constant k can be found.

4. Using rate law to determine mechanism

Verify that a suggested reaction mechanism is consistent with the experimentally observed
kinetics. The slow step is the rate-determining step and must contain the correct ratio of

reactants in the rate equation.

When predicting the order of reaction from a reaction mechanism, the rate equation should
only contain reactants and NOT INTERMEDIATES.

5. Collision theory

Using microscopic processes to explain the phenomenon of reaction and its rate.
Reactions only occur if there are effective collisions, i.e.
(i) reactant molecules colliding with E > E, and

(i) the correct orientation.
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Factors affecting the rate of a reaction:

Concentration /
Pressure

Higher concentration / pressure increases the frequency of
effective collisions.

Temperature (T)

At higher T, the fraction of reactant molecules with E > E,
increases. Use Maxwell-Boltzmann Distribution curve to explain.

Presence of catalyst

A catalyst provides an alternative reaction pathway of lower E,
and more reactant molecules have energy greater than or equal
to E,, leading to a higher frequency of effective collisions and
hence a higher reaction rate. (use Maxwell-Boltzmant
Distribution Curve to explain).

6. Catalysis 5

Two modes of catalysis:
(@) Homogeneous (catalyst and reactants are in the same phase)
(b) Heterogeneous (catalyst and reactants are in different phase)

[ {a) Heterogeneous

catalysis

(i) __Important steps

in heterogeneous catalysis

Step 1

Adsorption of the reactant particles onto the active sites on the
surface of the catalyst.

- Weak bonds form between the reactant particles and the catalyst.

- Surface concentration of the reactants is increased.

Step 2

Reaction at the surface.

- The activation energy of this process is lower than that of the
uncatalysed reaction because the bonds within the reactasnt
particles _are weakened by the adsorption effects, thereby
reducing the energy required to disrupt them

- The reactant particles are brought into close contact and are
properly orientated for reaction

Step 3

Desorption of the reactants or products from the surface.

(ii)) Examples of heterogeneous catalysis

Haber Process
N2(g) + 3Hx(g) =

2NHs(g)

Conditions: 250 atm, 450°C, Fe

Catalytic converter

— As the gases enter, the oxides of nitrogen (NO and NO,) are reduced to N, by the
excess CO present, with rhodium acting as the catalyst.

Rh :
2NO+CO —— N, +CO;, -

~ The CO is also oxidised to CO; with platinum and palladium as the catalysts.

Pt/Pd
% 0,+CO —> CO;

—~ The unburnt hydrocarbons are oxidised to CO, and H,0 with platinum and palladium
as the catalysts.
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I (b) Homogeneous catalysis

Reaction catalysed by Fe*":

Step1: 21" (aq) + 2Fe™ (aq) — l,(aq) + 2Fe* (aq)
catalyst intermediate

Step 2: 2Fe® (ag) + S;04° (aq) —> 2S0,* (aq) + 2Fe’ (aq)
Intermediate catalyst regenerated

The catalysed reaction proceeds via a 2-step route. Each step involves a reaction
between oppositely charged ions which have a natural tendency to attract each other.
This lowers the activation energy and enhances the reaction rate. (E. > O for each step
of the reaction)

Enzymes catalyse reactions by providing an altemative reaction pathway with a lower
activation energy. To bring this about, the enzyme forms a complex with the substrate or
substrates (reactants) of the reaction. Thus a simple picture of the enzyme action is:

substrate + enzyme —— enzyme/substrate complex —> enzyme + products

Once the products of the reaction are formed, they are released and the enzyme is free
to form a new complex with more substrate.
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| F.  Chemical Equilibrium

Reversible Reactions and Dynamic Equilibrium

A
1. Irreversible reactions are reactions that take A+B-C
place in one direction almost exclusively.
Eg: Burning of magnesium in air: & [l
2Mg (s) + Oz (g) —» 2MgO (s) =t T T -
€
Only the forward reaction takes place. é Bi
< iy
C tine
Conc.
2. Reversible reactions are reactions that take /mol

place in both directions (=<==) at comparable 4,3
rates.

Eg: Rxn of SO, with O, :
280;(g) + 02 (g) ==2S0;(9)

Both the forward and backward reaction
akes place simuitaneously.

3. For reversible reactions, the system can reach a stage in which the rate of forward
reaction = rate of backward reaction so that no macroscopic changes are
observed. The system is said to be at equilibrium. Since microscopic changes are still
occurring, the system is said to be in dynamic equilibrium.

4, Equilibrium is only achieved in a closed system. An open system which allows matter
to escape or enter cannot reach equilibrium unless there is absolutely no gain or loss
of materials from or to the surroundings.

5. Once equilibrium is reached, the system will remain in this state, until conditions

affecting rate of forward/ backward reaction is altered. (eg, temperature, pressure,
concentration of reactant/product)

Law of Chemical Equilibrium and Equilibrium Constants

1. Reaction Quotient (or mass action expression)
(a) For a reversible reaction representedby aA+bB === ¢cC +d D,

[croy
[4]1°[BY
[X] is instantaneous concentration (in mol dm>)of X at time t

Reaction Quotient, Q. =

(b) From time = 0 till time = teqm, the reaction quotient changes as the concentrations of
reactants and products change until equilibrium is reached.
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2. Law of Chemical Equilibrium (or law of mass action)

ke

(a) For a reversible reaction representedby aA+bB == ¢cC+dD,

At time = t, Rate of forward reaction, R; = k; [A}[B]
Rate of backward reaction, R, = k, [C] £[D] ¢

At equilibrium, Ri= R,

Ko

=k [AF[B]° = k» [CI’[D] (subscript ‘eqm’ is left out for convenience)

Hence, reaction quotient, Q. =

_[CFIDY _k
[AF[BY  k

(b) Relationship between, Q., K. and equilibrium

L = K., Equilibrium constant

Q: < K. Q. =K. Q. > K.
System not at eqm. Forward System at System not at eqm. Backward
xn is favoured and Q¢ ilibri reaction is favoured and Q¢
increases until Q. = K.. equilibrium decreases until Q. = K.

(c) Equilibrium constant is a constant at a fixed temperature. Hence,_the value of
equilibrium constant will not change unless temperature changes. The effect of

temperature on the value of equilibrium constant is shown in the table below:

AH of forward reaction >0 =0 <0
{endothermic) {exothermic)
Effect of K. when temperature T K. T No change K4
Effect of K. when temperature K. No change K. T

Types of Equilibrium Constants

Equilibrium . . ]
Constant Reactions Example Expression & Units

Reactions ,
involving 2VO** (aq) + Cu (s) + 4H" (aq) p+ 2Oy
gases or — zv3+ (aq) + Cu2+ (aq) + KC - [ 2faq)] E u+ (aq)]4

Kc R inVOIVing aqueous 2H20 (‘) [V (aq)] [H (a‘I)]

Concentrations solutions

: -3

in mol dm Reactions | CHsCOOH () + CHOH () | K=
involving == CH;COOCH; (/) + H,0 | [CH,COOCH,(D][H,0())]
liquids )] [CH,COOH(O)CH,0H(D)]

K, , involving | Reactions ~ P

partial involving (3'-)’2 (@) + Nz (@) = 2NH, =—~—§, NH; ;

pressure gases 9 (Fy,) Py,

Some go'ints to take note when writing expressions for Equilibrium Constants

1.  In general, for a a reversible reaction represented by aA+bB =2¢cC+dD,

[CT'[DY

= [4r(B]

PCCPDd

5 or K= pap » (for gaseous reactions only)
448
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2. Leave out substances whose concentration is a constant (eg solids, immsicible liquidis
or water in reactions occurring in aqueous solutions) for K. or whose partial pressure is
very low and constant (eg solids or liquids) for K.

Relationship between K and equation written

Expression for K is dependent on the equation written:

Equation Expression for K Relation to K,
[NH, (2)F
3H + N = 2NH Ky = I
2@+ N (@) R AT TRy
_ [NH3(g)]
2H @)+ TN (@) ==NHy(g) | %2~ : T K= K
[H, (PPN, ()]
o _H@PIN,@] |,
2NHs (@) <=3 @)+ Nafe) | Ko= 0 Ks = (1/Ky)
3H; (g) + N, (g) == 2NH; ()) Ky = 1
2t TR : [H,(2)F[N,(2)] )

Le Chatelier’s Principle and Using it to Predict Shift in Position of Equilibrium

1. Le Chatelier's Principle states that if a system in equilibrium is subjected to a change
which disturbs the equilibrium, the system responds in such a way to counteract the
effect of the change.

2. Predict and explain the effect of the following changes on the yield of NH; for the
reaction:
3Hz (g) + N2 (g) === 2NH; (g), AH< 0

No | Change Efﬁ ﬁﬁ:f yield Reason
Adding more N, 1 Forward rxn favoured to decrease [N,].
2 Using more iron no change The Fe catalyst affects the forward and
catalyst backward reaction to the same extent.
. Backward reaction favoured to remove
3 Increasing temperature l heat.
Forward rxn favoured as it gives less
4 Higher pressure 1 gaseous molecules so that pressure is
decreased.
Using a reaction vessel T in volume decreases total concentration.
5 i Backward rxn favoured as it gives more
of a larger volume .
gaseous molecules to T total concentration.

Problems on Equilibrium Involving Gases

1. Useful formulae:
(a) Partial pressure of a gas = mole fraction of gas x total pressure
noof molof A n,

total noof mol n,,,
amt of A dissociated
initial amt of A

Pa = XaPiotat Where X, =

(b) Degree of dissociation of A, a =
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(c)

For a gaseous mixture made up of gases A and B with mole fraction of X, and Xg
respectively, (Note: Xg = 1-Xa) ) ’

Apparent M, = Xax M, of A + Xgx M, of B

When mass and total number of mol of a gaseous mixture is given, apparent M, =

mass (nwta is often found using pV = nRT equation)

Niotal
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| 6. Acid Base Equilibria

i
e veod)

(1} Definitions (Know definitions of these terms):

Terms _ Definition

Bronsted acid Proton donor in aq. solution
Bronsted base Proton acceptor in aq. solution
Strong acid/base | Fully dissociated

Note: concentration of acid = strength
Weak acid/base | Partially dissociated
pH = —Ig[H"]
pOH = -ig[OH7]
Kw = [H'J[OH] = 1.0 x 10" mol’dm™® at 298 K
K, Acid dissociation constant, indicator of strength of acid.

Higher K, - stronger acid.

HA(aq) = H'(aq) + A*(aq)

+ A—
a=w—l——]moldm“3
[HA]

pKa = _lg Ka
pKy Base dissociation constant, indicator of strength of base.

Higher K, = stronger base
pr = —|g Kb
Ku = KK

applies only for acid-conjugate base pair
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(Il) Calculations of pH for Different Types of Solutions

Solutions with pH <7

Solutions with pH > 7

1. Strong acid: Calculate pH of a solution of
dilute H,SO, with concentration of 0.025 mol
dm™.

[H* (aq)] = 2 x 0.025 = 0.0500 mol dm™

pH = —log [H" (ag)] = 1.30

1. Strong base: Calculate pH of a solution of
aqueous Ba(OH), with concentration of 0.025
mol dm™,

[OH™ (aq)] = 2 x 0.025 = 0.0500 mol dm™

pOH = —log [OH (aqg)] = 1.30;pH = 14—pOH = 12.7

2. Weak acid, HA: Calculate pH of a solution of
aq CH3;COOH with concentration of 0.050 mol
dm™ given K, of CH;COOH is 1.8 x 107> mol
dm™

Let [H* (aq)] at eqm be a mol dm™. Ignoring H*

from self-ionisation of water, [CH;COO™(aq)] = a

mol dm™

CH;COOH(aq) == CH,COO0 (aq) + H*(aq)

2. Weak base, B: Calculate pH of a solution of ag '
NH; with concentration of 0.050 mol dm™ given
Ky of NH3 is 1.74 x 10 mol dm™

Let [OH™ (aq)] at eqm be a mol dm™. ignoring OH™
from self-ionisation of water, [NH," (aq)] = a moi
dm™

H20() + NHy(aq) <= NH,'(aq) + OH(aq)

initial conc™ mol 0.050 - - Initial conc”/ mol  0.050 - -

dm™ dm™

Egm conc”/ mol 0.050-a a a Egm conc™/ mol 0.050-a a a

dm™ dm™

K,=[CHCOOIH']=_ a° . a’ (since 0.050 |K,=INH/IOH]=_a® . 2’ (gince 0.050 >>a)
[CH,COOH] 0.050-a 0.050 [NH,] 0.050-a 0.050

>>a) [OH (aq)] =a ~ /K, [B], = 9.327 x 10~ mol dm™

[H* (aq)] =a ~ K [HA], = 9.487 x 10~ mol dm™
pH = —log (9.487 x 107™*) = 3.02

3. Salt of Weak base, BH' (strong conjugate
acid): Calculate pH of a solution of ag NH,CI
with concentration of 0.050 mol dm™ given K,
of NH3 is 1.74 x 10~° mol dm™

Let [H* (aq)] at eqm be a mol dm™. Ignoring H*

from self-ionisation of water, [NH; (ag)] = a mol

dm™

NHs" (aq) == NHj(aq) + H'(aq)

Initial conc™ mol 0.050 - _
dm™
Eqm conc"/ mol 0.050-a a a
dm™
K= Ky =INHJH]= &> . &

K, [NH,<] 0050-a 0.050

(since 0.050 >>a)

(H* (aq)] =a =~ ’ﬁv_ BH], = 5-361x 107° mol dm™
Kb

pH = —log (5.361 x 10°) =5.27

ROLYSIS CALCULAT

pOH = —log (9.327 x 107*) = 3.03;
pH = 14-pOH = 10.97 J

3. Salt of weak acid, A (strong conjugate base):
Calculate pH of a solution of ag CH;COONa
with concentration of 0.050 mol dm™ given K, of
CH3COOH is 1.8 x 10~°mol dm™

Let [OH" (aq)] at eqm be a mol dm™. Ignoring OH~

from self-ionisation of water, [CH;COOH (aq)] = a

mol dm™
H,0O + CH3COO™ == CH3COOH + OH~

0.050 - -

Initial conc”/ mol
dm™
Egm conc"/ mo
dm>
K,=Kw =[CH:COOHJIOH ] = a®> . _a’
Ka [CH,CO0"] 0.050-a 0.050
- (since 0.050 >>a)
[OH (@@)l=a~ [Ku;n-) =5.270 x 107 mol dm™
Ka
pOH = —log (5.270 x 10°) = 5.28;
pH =14-pOH = 8.72

0.050-a a a
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BUFFERS CALCULATIONS

Acid buffer made up of weak acid and its

4. Alkaline buffer made of \;\Ieak Base and its

salt, HA and A": Calculate pH of a mixture
made of 20 cm® of 0.050 mol dm™ agq
CH;COOH and 40 cm® of 0.030 mol dm™ aq
CH3COONa.
(Ka of CH;COOH=1.8x10° mol dm™)

After mixing,

[CHsCOOH] =

20 050= 0.01667 mol dm™
40

0.030= 0.020 mo! dm™

[CH,COO]= _40
20+ 40

pH=pK,+log [A"]
[HA]

=—log(1.8x 10°)+log_0.020 =4 82
0.01667

salt, B and BH': Calculate pH of a mixture
made of 20 ¢cm® of 0.050 mol dm™ aq NH; and
40 cm® of 0.030 mol dm™ aq NH,".
(Ko of NH3 = 1.74 x 10° mol dm™)

After mixing,

[NH3] = _&0,050= 0.01667 mol dm™
20+

[INH,"] =

o 450.0%0° 0.020 mot dm™

POH=pr+|og [BH*]
{B]
=—log(1.74x107)+log _0.020 =4 84

0.01667

pH =14-pOH = 9.16

(1) Explanation of how buffer works using equations:

Acid Buffer: e

made up of weak acid HA andats salt NaA,.
On addition of H':

A" (aq)+ H" (aq) —> HA(aq)

Single arrow
to show
removal of H'

A" present reacts with H* so that [H'] remains
approximately constant and pH is maintained.

On addition of OH™:
HA (aq) + OH™(aq) — A"(aq) + H,O (1)

HA present reacts with OH™ so that [OH] remains
approximately constant and pH is maintained.
Large reservoir of HA and A”present is able to
cope with small amount of H" and OH™ added.

Aikaime Buffer

On addmon of“Hw -

B (aq) + H" (aq) — BH" (aq)

B present reacts with H* so that [H*] remains
approximately constant and pH is maintained.

On addition of OH™:
BH" (aq) + OH (aq) —> B(aq) + H,0 ()

BH" present reacts with OH™ so that [OH"] remains
approximately constant and pH is maintained.

Large reservoir of B and BH* present is able to cope
with small amount of H* and OH™ added.

(1V) Application: Role of H,CO3/HCOj3" in controlling pH of blood

Buffer system in human blood:
On addition of H™:
On addition of OH™:

H,COs(aq) =
HCO5(aq) + H'(ag) —> H,COs(aq)
H2COs(aq) + OH™(aq) —> HCO;7(aq) + H20())

HCO3(aq) + H'(aq)
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Regions in Titration Curve

Titration Curve of Weak Acid vs Strong Base Titration Curve of Weak Base vs Strong Acid
(WA-SB) ' (WB-SA) ]
A Mo
pH @ pH Suitable indicator:

Methyl orange (3-5)
14—pKpt--=== Yellow - orange

S7ITT T ®(equivalence pt)

<7 p-----i----A B(equivalence pt)

Kap-—-== ' " Suitable indicator: E !
P ' : :Phenolphthalein (8-10) ' '
: ! Colorless = just pink ; 5
@ P Vol of oo Vol of
/ : —> \ ! > strong acid
PAVARYE 2 strong base YN Ve

Re:

Weak acid, HA Mixture of éontents Weak base, B Mixture ofl
HA and A” B & HB”
[H7orpH | [H']~ K [HA], | pH = pKa+ig[AT] [%w or | [OH]=~ /K,[B], | POH = pKy+ig @[Bi}ig
[HA] P
=PKa+|9 nOH'ndded = pr +Ig nH‘ldded
- L
At %iVe: At VeV
pH = pK, pH = pKa = 14 - pK,
(max buffer {max buffer
i capaci

o? Exceé’s’ ééid
weak base, BH*

Contents Salt of Excess base Contents
weak acid, A~

[OHTor | [OHTx Kuja) | [OH]=amotson HlorpH | [H]= f';—wlBH‘lo [H] =amtobe
pOH K, Vol >

Note: you should still show clear and proper workings and not just apply these formulae blindly.
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| H.  Solubility Equilibria

{) K, and solubility

General Example - A;B. made up of A* & B>

Specific Example - Ca;(PO,).

1. For a sparingly soluble compound AyB,:
AvBa (s) + aq == bA*(aq) + aB" (aq);
Ls_p = [Aa+]b[Bb—]a

Eg calcium phosphate: Cas(PO,),

Ca;(POy); (s) + ag == 3Ca®'(aq) + 2P0O,*" (aq);

Ksp = [Ca®* (aq)]}[PO,* (aq))’

2. If solubility of A,B, in water is s mol dm™,
[A*'] = bsmol dm™, [B®] = as mol dm™

If solubility of Caz(POy), is 2.6 x10° mol dm™3,
[Ca* (aq)] = 3x2.6 x107°= 7.8 x10° mol dm™
[PO.> (aq)] = 2x2.6 x10°= 5.2 x10° mol dm™

3. If solubility of A,B, in water is s mol dm™,
Ksp = [A"T[B" T =(bs)"(as)® = b°a*s®"

iIf solubility of Caz(PO,), is 2.6 x10° mol dm™>,
Ksp = [CaZT[POS P

= (3x2.6 x107%)%(2x2.6 x107%)?
=1.3x10 ® molf dm™®

4. If solubility product of AyB, in water is K, then | Given K, of Cas(PO4); = 1.3 x10 2° mol® dm™",
K calculate its solubility.
its solubility s = a+ = Let its solubility be s mol dm™
b°a = [~a2+13 2 _ 31912 5
Ksp = [Ca®P[PO> T = (35)%(2s)% = 108 s
K -26
s= i/ ] =§/1'3’§18 =2.61 x10° mol dm"®
3°2 32
(1) __lonic Product, K., and Precipitation
1. Precipitation occurs when ionic product is greater than K.

lonic product = [M*(aq)] [X"(aq)] | Remark Precipitation?
IP < Kgp The solution is unsaturated. No!
IP =K The solution is saturated. No
IP > K The solution is beyond saturation upon | Yes!

mixing.

Note: lonic product and K, have the same expression. The only difference is for IP, the concentration

terms are the concentration at a particular instant, but for K, equilibrium concentrations are used.

To predict whether precipitation occurs when two solutions, one containing cations and the other

The solubility of a sparingly soluble salt is decreased in the presence of its cation or anion. This is
known as the common ion effect. For example, solubility of silver iodide is decreased in the presence

2.
containing anions of a sparingly soluble salt, calculate
(i) the new concentration of the cation and anion immediately after mixing
(i) ionic product
If ionic product > K, then precipitation occurs.
(l) Change in solubility of a sparingly soluble salt
1.
of silver ions or iodide ions.
2.

The solubility of a sparingly soluble salt may be increased by adding a reagent which reacts with its

cation or anion. The phenomenon can either be explained using Le Chatelier’s Principle or ionic
product. Some examples:
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Sparingly soluble salt

Reagent added to increase its
solubility

Remarks

Silver chloride
AgCl (s)+ aq ==
Ag’(aq) + CI" (aq)

Aq NH;
Ag’ (agq)+ 2NH; (aq) == Ag(NH3)," (aq)

Ksp of AgCl is not so low so that it
is soluble in xs aq NH;. However,
AgBr and Agl are insoluble in xs
aq NH3; as their K, are too low.

Barium chromate:
BaCrQO, (s)+ aq =—
Ba?'(aq) + CrO* (aq)

Dilute nitric acid
2Cr0,% (aq) +2H' (aq) ==
Cry0,* (aq) +H,0 (i)

Ag,CrO, also dissolves in dil HNO;
due to the reaction between
CrO, and H*.

Copper(ll) hydroxide
Cu(OH); (s)+ aq ==
Cu?*(aq) + 20H™ (aq)

Aq NH;
Cu*(aq)+ 4NH; (aq) == Cu(NH),**(aq)

[Cu®'] decreases due to formation of
Cu(NH3),%* complex > equilibrium
position for Cu(OH), (s)+ ag ==
Cu?*(aq) + 20H" (aq) shifts right > ppt
Cu(OH),(s) dissolve

Zinc hydroxide also dissolves in
excess aq NH; due to the
formation of Zn(NH,).**(aq)
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[ 1.

Electrochemistry

Assessment Objectives

(a) describe and explain redox processes in
terms of electron transfer and/or of changes
in oxidation number (oxidation state).

Remarks
Oxidation = loss of electrons/ T in
oxidation state
Reduction =gain of electrons/ { in

oxidation state

(b) define the terms:
(i) standard electrode (redox) potential, E®
(i) standard cell potential, E®y

E®, of a standard half-cell is defined as the
potential of that half-cell relative to a
standard hydrogen half-cell, under
standard conditions.

E® is the potential difference between 2
half-cells under standard conditons |

(c) describe the standard hydrogen electrode.

(d) describe methods used to measure the
standard electrode potentials of
(i) metals or non-metals in contact with their
ions in aqueous solution
(i) ions of the same element in different
oxidation states

Draw the experimental set-up to help you
in your description.

(e) calculate a standard cell potential by
combining two standard electrode potentials.

E®ce = E®rea — E®0x
(where E®req = E® of substance reduced
and E®o, = E® of substance oxidised)

(f) use standard cell potentials to

(i) explain/predict the direction of electron
flow from a simple cell;

(i) predict the feasibility of a reaction

(i) Ya—cell with bigger E® is the [R] Y—cell
and hence cathode. The other Y2—cell
with smaller E® is the [O] %:—cell and
hence anode. Electron flows from anode
to cathode.

(i) In predicting feasibility of a reaction,
first identify relevant Y-eqn and
compute E®.. Reaction is energetically
feasible if E®e> 0

(9) Understand the limitations in the use of
standard cell potentials to predict the
feasibility of a reaction.

Limitations = rxn may be kinetically slow,
conditions not std and side rxn may occur.

(h) construct redox equations using the relevant
half-equations (including the use of Fe3* /
Fe**, MnO,~/ Mn?* and Cr,0/4 / Cr** as
examples of redox systems).

MnO4~ reduced to Mn?* under acidified
medium and to MnO. under weakly acidic/
neutral/ weakly alkaline conditions. Under
strongly alkaline conditions, MnO,s~ is
reduced to MnO,%".

(i) predict qualitatively how the value of an
electrode potential varies with the
concentration of the aqueous ion.

Changes that TEgeq or VEoy increase Ec.

Changes that {Egreq or T Eox decrease
Eceir-
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(i) state the possible advantages of developing
other types of cell, e.g. the Hy/O, fuel cell
and improved batteries (as in electric
vehicles) in terms of smaller size, lower
mass and higher voltage.

Learn how to draw H,/O., fuel cell and
write equations for the reactions at anode/
cathode.

(k) state the relationship between the Faraday
constant, the Avogadro constant and the
charge on the electron, F = Le.

(1) predict the identity of the substance
liberated during electrolysis from the state of
electrolyte (molten or aqueous), position in
the redox series (electrode potential) and
concentration.

Zinc and metals more reactive than it
cannot be obtained from electrolysis of
their aqueous solutions. Water is reduced
instead:

2H,0 + 2™ —» H, + 20H

CI” is oxidised at the anode if concentrated
solution is used; I” and Br~ are oxidised at
anode from aq solutions. Sulfate and
nitrate ions are not discharged. Instead
water is oxidised:

2H,0 5> O, + 4H" + 4e”

(m) calculate:
(i) the quantity of charge passed during
electrolysis;
(i) the mass and/or volume of substance

those in the electrolysis of H2SO4 (aq),
Na,SO4 (aq).

liberated during electrolysis, including |

Q=IxtorQ=nF where

Q = quantity of charge in coulombs
| = current in amperes

t = time in seconds

F = Faraday’s Constant

(n) explain, in terms of the electrode reactions,
the industrial processes of:

(i) the anodising of aluminium;
(i) the electrolytic purification of copper.

Learn description and how to draw
experimental set up as well.

Equations showing discharge of H; and O, from aqueous solutions

Discharge of H; at cathode Discharge of O, at anode
Type of aq Type of aq
solution Equation solution Equation

electrolysed electrolysed

Acidic eg + - Acidic eg + _

dil H,SO4 2H" (aq) + 2e” > H; dil H,SO4 2H,0 (1) > Ox(g)+ 4H" (aq)+ 4e
Neutral eg 2H,0 (I)+ 2e™> H (g)+ 20H~ Neutral eg . -
Alkaline eg | 2H0 (I)+ 2e™— H. (g)+ 20H | Alkaline eg - -
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C Isomerism

_

F

eg

CH3CH,OH & CH;0CH,

Isomerism
]
[ I
Structural isomerism Stereoisomerism
(exhibited by substances with the same molecular (exhibited by substances with same structural formula but
formula but different structural formulae) different spatial arrangement of atoms.)
| |
— | [ |
unctional Group Positional Isomerism Straight chain vs Geometric (Cis-trans) Optical Isomerism
Isomerism eq oH branching Isomerism (present in molecules with
9 CHy eg CHs (caused by restriction of rotation no plane of symmetry)
8 due to double bond or ring. )

CH3CH,CH,CHj3 & OImLIOIw _

Chiral Carbon

Chiral carbon is sp® hybridised and has four different
groups attached to it. Mark the chiral carbons in the
molecule shown below with an ™" (there are eight):

Tre COOH
%

HO OH

Optical isomerism = existence of 2 cpds with the
same structural formula but differ in being non-
superimposable mirror images of each other.
Geometric Isomerism = existence of 2 cpds with
the same structural formula but have different
spatial arrangement eg due to restricted rotation
about a double bond or ring structure.

Found in rings when the two groups
Found in alkenes when the two groups attached to two ring carbon atoms are

attached to each of the two carbons in different. CH, CH;
the double bond are different. €g & Q\
€
Sch M CH H
Cl ‘cl

/ /
Cc=C & /oHo
I\ N _.\ \
H CH,
|
Compounds with 2 or more chiral carbons may Compounds with only one chiral carbon
not exhibit optical isomerism if a plane of exhibit optical isomerism:
symmetry is present in the molecule:
eg o] H H eg __._ m ﬂ
or _...O.IIO;._ n O
OI&. _OIm O... i N
~=Cl W by cHy” L 'CN! zo_Im CH,
Such compounds are called meso compounds. OH '

A compound that exhibits optical isomerism has two enantiomers (mirror images which are non-
superimposable). If only one enantiomer is present, the compound is optically active and rotates
plane-polarised light. If both enantiomers are present but in unequal proportions, the mixture still
rotates plane-polarised light but the angle of rotation is smaller than that of the pure enantiomer. If both
the enantiomers are present in equal proportions, the mixture is called a racemic mixture and shows
no optical activity (ie does not rotate plane-polarised light).
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E Acidity

1. A weak acid dissociates incompletely in water: HA (aq) === H" (aq) + A™(aq) . The more stable the anion, the greater is the dissociation and hence the stronger is

the acid.
2. Ingeneral, alcohol < water < phenol < carboxylic acid
acid acid acid
Compound Alcohol, ROH Phenol, ©|01 Carboxylic acid, RCOOH
Anion Alkoxide, RO~ Phenoxide, @!o‘ Carboxylate ion, RCOO™
s . \o \OI

Stability of | The alkyl group is electron-donating so that the The p-orbital of O overlaps with the n-electron cloud of Carboxylate ionhas 2 R—C” == R—C
anion and negative charge on O in RO™ is more intensified the benzene ring so that the negative charge on O resonance structures: /01 //O
relative compared to OH”. Hence RO" is destabilised by | delocalises into the benzene ring. The dispersal of The 2 resonance structures are equivalent and negative
acidity the m_mo:o.:-ao:mz:m R group so that alcohols are | negative charge stabilises the phenoxide ion so that charge is delocalised over two electronegative O atoms

weaker acids than water. phenol is a stronger acid than water. resulting in the carboxylate ions being greatly stabilised

so that carboxylic acid is more acidic than phenol.
ﬂwnohos Effervescence of hydrogen: Vigorous rxn with evolution of hydrogen: Explosive rxn with evolution of hydrogen:
_ a ROH () + Na (s) ——s RO™Na" (s) + %H (g) CeHsOH + Na —> CsHsO™Na" (s) + %H:2 (g) RCOOH +Na — RCOO™Na’ (s) + ¥%:Hz (g)

mmw ﬂ_M%.._ No reaction. Alcohol is not acidic enough to react qﬂ.ﬂw____uwwﬁ__mmmﬂmvmogo: and phenol dissolves (toform |y, rajisation reaction: .

with OH", CeHsOH (s) + NaOH (ag) — CsHsO™ Na'(aq) + Hz0 () RCOOH(aq) + NaOH(aq) — RCOO™Na'(aq) + H20 ()
Mxﬂ_,w_ﬁo No reaction. Alcohol is not acidic enough to react No reaction. Phenol is not acidic enough to react with | Evolution of COa: .

4 NabLs | with cos*. . COos™". 2RCOOH + Na,COs — 2RCOO™Na“ + H;0 + CO2 (g)
i > acid i An electron-donating group intensifies the —ve charge and
Primary | Secondary Tertiary e -donating groups, if present in phenol, reduce the decreases the acidity of a carboxylic acid while an
alcohol acid | alcohol | alcohol 9 - . . ‘ A
delocalisation of negative charge of O into benzene electron-withdrawing group disperses the —ve charge and
Variation of g H CHy CH, ring thus decreasing the stability of phenoxide ion and | increases its moa_z (same as phenol).
acidity | > t.m > ¢ |n_T: OH its acidity. Conversely, e"-withdrawing groups Eg <
within oxuoxmoxmsnmloI acid H:CH _fozmo_a Hy m enhance the delocalisation of negative charge of O mo_a acid
class of H H Hs into benzene ring thus increasing the stability of CH3COOH CH.CICOOH CH2FCOOH,;
compound phenoxide ion and its acidity. <
_._ acid
OIuO..wOIm'OAYh% > OJOJ'N;YO- > I%.YMAYO- €g OH < OH < CH2FCH,COOH CH3CHFCOOH
stable ”ma_m acid acid
z x oE
CH{
b <
o%&a@’ stable @I
CH{
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H Reagents In Organic Chemistry

L Organic Cpds Product (s) formed & Type of .
Reagent Conditions that react observations Reaction Equations and Remarks
uv
Eg CsHsCH2CH3 + Brg —————— CgHsCHBrCHa + HBr
uv light (note: Any compounds with H attached to a saturated C may undergo FRS. Variety of products
Cl, also Bromoalkane formed. To favour monobromination, use excess of the alkane. Major product is the one
undergoes ) that is formed via the more stable alkyl radical intermediate. Stability of
FRS with Alkane Decolourisation of MMMm_MNA__MM_ Ikl radical: H H R
alkanes in uv bromine and white alkyl radical: | | |
light to form fumes of HBr observed. CHze < m[m. < mlm_u. < mlnm.
chloroalkane) H R R
Stability due to a benzene ring is equivalent to two alkyl groups.
Alkene Dibromoalkane Electrophilic | Eg: CHsCH=CHz + Brz ~> CHyCHBrCH;Br
brown Brp addition This is used as a distinguishing test for alkenes.
Bry in CCl4 Easy Eg:
2- or 4-bromophenol mm__wm““mmn_n_v_h OH +Br, — OH or Br OH +HBr
Phenol Decolourisation of (Electroohilic susb on
brown mqu a highly activated B
benzene ring in the r
absence of catalyst)
Bromohydrin Major product is bromohydrin rather than dibromoalkane because H:O is used as the
. g Electrophilic solvent. Addition follows Markovnikoff's Rule (may be explained by stability of
Al f o
Bromine kene WMﬂom_Mcm:_‘mmﬁ_o: ° addition carbocation.) Eg: CHzsCH=CH: + Brz + H20 — CH3CH(OH)CH:Br + HBr
2 Decolourisation of bromine water is used as a distinguishing test for alkenes.
Br
2,4,6—tribromophenol or 3
2.4 6-tribromophenylam Easy X +3Br, > Br X + 3HBr
Mmz%_._dm__sﬁw_”m _Mm lourisation of electrophilic | X = OHor NH;
pheny oMﬂo Mcm:qmmm%u: ° substitution Both —~OH and —NH; activates the benzene ring &gmam electrophilic substitution so that
) m». Nﬁ ite bt the catalyst FeBra is not required.
Aq Brz ormation of white ppt. This is used as a distinguishing test for phenol and phenylamine.
? Br The -NHCOCHs is less activating than the —NH; group so that monosubstitution occurs.
—C—CH w or Hence to convert phenylamine to 2- or 4-bromophenylamine, —~NH is first converted to
N=—C—CH, e
i) N—C—CHs ~NHCOCH3 before bromination. Then the -NHCOCH; is hydrolysed back to ~NH2 as
N-phenyl H 0 shown by the rxn scheme below:
N - 1 Easy NH
B —C— —C— —C—
ethanamide q‘©|w CH3 Electrophilic NH, m__u NH m__u CHj NH n__u OIum 2
- r
Decolourisation of substitution CH;—C—Cl 0 Br 0 heat
orange Brz aq Br, ag NaOH
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" Organic Cpds Product formed Type of .
Reagent | Conditions that react &observation Reaction Equations and Remarks
If another group, G, is already present on the benzene ring, substitution is at 2,4
Conc HzSO,, position iif G = alkyl group, halogen, ~OH, —OR, —NH,, -NHR, -NRz, -NHCOR
mw\M_m . mm Moq Benzene or | Nitrobenzene Electrophilic | 2nd at 3 position if G = ~COOH, ~COOR, -COR, -NO;eg
30 °C ﬂoﬂ_ substituted (appears as a yellow Substitution conc H.SO
. . . . OO I
methylbenze benzene oil with almond smell) (Nitration) @'OONI + conc HNO, 294 oH +H,O
0
ne 550C O,N
The —OH group is very activating so that trisubsitution occurs:
Conc NO,
HNO;
OH + 3 HNO, O,N OH +3H,0
Room Easy conc
temperature, i electrophilic NO,
no catalyst Phenol 2,4,6~trinitrophenol substitution | If dil HINO3 is used instead of con'nitric acid, mononitration occurs:
needed (Nitration) NO,
@lo: + HNO; — OH or O,N OH+ Hy0
dil
2RCOOH + CO3* — 2RCOO™ + CO, + H,0
. Carboxylate salt. 4 This is used as a test for carboxylic acid. Acyi chloride will also give CO; but
ZNMVO 3 te Bﬂu% _,HE e Om%%mﬁ.o Effervescence of JM_M OMww.m fumes of HCl is also observed:
CO,. RCOQCI + H,0 - RCOOH + HCI
2H" + CO* > CO, + H,0
RCOO™ or phenoxide Acid with 6C or more and phenol are insoluble in water. Reaction wth NaOH
. If RCOOH has six or produces the ionic salt which dissolves in water due to stronger ion-dipole
. more C atoms, the interactions formed between the salt andwater:
AqNaOH, | Camoxylc | acid s originally Acid-base | RCOOH + OH — RCOO" (aq) + H;0
NaOH temperature henol insoluble. On addition reaction CsHsOH + OH™ —— CgHs0™ (aq) + H,0
p of aqg NaOH, the This can be used to distinguish insoluble carboxylic acids or phenol from other
(KOH can
also be insoluble phenol or compounds.
used in acid dissolves. (NB: phenoxide ion, CeHsO™ may also be called phenate)
place of - heat _
NaOF) ottty ota. nenzen i d by OH d rtial
} o X directly attached to benzene ring cannot be substituted by OH™ due to pa ia
Aq NaGH, Halogeno Alcohol Zco_mog___o double bond character (since lone pair of electrons on X delocalised into benzene
heat alkane Substitution

ring as p-orbital of X overlaps with n—~electron cloud of benzene).
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Type of

i . Product formed & Type of .
Reagent | Conditions | Organic Cpds observation Reaction Equations and Remarks
that react
(i) RCOCi+ R'OH —RCOOR’ + HCI
RCOCI (1) alcohol . () and(i) | (i) RCOCI+ CgHsOH —>RCOOCeHs + HCI
(RCOBr | Room (ii) n:m._._o_ (i) ester esterification; | (i) RCOCI + R'NH;——> RCONHR'" + HCI
may also | temperature (iii) amine (ii) phenolic ester (iii) amide To convert phenol to phenolic ester, acid chloride must be used. Carboxylic
be used) (either pri or (iiiy amide *o::m:oa acids are not reactive enough to react with phenol. To convert amine to amide,
sec) (condensation) | acid chloride is needed. Carboxylic acid does not react with amine to form
amide (unless under industrial conditions) but merely neutralises it.
Cold dil Diol. Formation of _
alkaline Alkene black MnO,. Eg CH3CH=CH, + H,0 + [0] — CH3CH(OH)CH,OH
C=C bond cleaves. Final product dependent on groups attached to each C in
CO,, carboxylic acid Wsm C=C bond: =CH; —» m_n,w_N MIANO. =CHR ioﬂm._oo_._“ =CRR' - RCOR’.
_ or ketone. 9 n KMnO, (a aq)
Alkene (C=C) | pecolourisation of _I||F +3[0] I heat
purple KMnO, CHs,
CH,
Alkylbenzene will be oxidized to benzoic acid, eg
. : CeHsCHCHLCH3 + O_..OH — CgHsCOOH + 2C0O, +3H,0
Alkyl benzene | Benzoic acid and CO; The alkyl group needed to have a H atom on C attached to benzene ring for
alkylbenzene to be oxidised. Hence, C(CH3)sCgHs would not be oxidised.
HCOOH, and CO, and H,O These are the only two common carboxylic acids which can be oxidized by
Add dilute ethanedioic 2 2 I KMnO4: HCOOH + [0] —— CO; + H,0
Aq ; Oxidation
KMnO H,S0,4 and acid, HOOC-COOH + [0] —> 2C0; + H,0
* | KMnOj4 to the aldehvde. 1° Carboxylic acid (from RCHO + [0] — RCOOH
compound or 2° w_oo.:o_ aldehyde & 1° ROH) RCH,0H + 2[0] —> RCOOH + H,0
and heat & ketone (fr 2° ROH) RCH{OH)R' + [0] — RCR'=0 *+ H,0

Esters which

CO, (from HCOOH,

ﬂ%ﬁﬁo_,_wnmwmom.mw ethanedioic acid or
ethanedioic " | CH30H), carboxylic
acid CH.OH. | acid (from 1° alcohol)
or 2° a"h | or ketone (from 2°
alcohol alcohol)

Phenylketone

and 3° ROH

with phenyl gp
attached to
hydroxyi C.

Benzoic acid

heat with dit H,SO,, hydrolyses the ester into an acid and alcohol. if either the
acid or alcohol can undergo oxidation (acid = HCOOH or ethanedioic acid,
alcohol = CH3;OH, pri or sec alcohol),decolourisation of KMnO,4 observed.
Eg (1) HCOOC(CHy); + H,O0 ——HCOOH + C(CH3)30H
HCOOH + [0] — CO;, + H,0
(2) CH3;COOCH,CH,CH3 + H;0 ——CH3;COOH + CH3CH,CH,0H
CH3CH,CH,0H + 2[0] — CH3CH,COOH + H,0

Phenyl ketone and 3° alcohol with phenyi gp attached to hydroxyl C contain a

benzene ring and can be oxidised to benzoic acid by heating with KMnO/H™:

eg OmeOOOInOIm + N_”Ou —> C¢HsCOOH + 2C0O, + MT_No
CeHsC(OH)(CHy); + 8[0] —— CgHsCOOH + 2C0O; + 3H,0

g page 10 ®




® || obed 3

IO UM HOY ul dnoib HO sadeidal 4508

. [4
20S +I0H + 198 «<—400S+ HOy | UO#Mmasans ‘N aueyeolo|yd |oyooly snoJphAyue 100S
1D 4048 = X di9ym X UM HOODY 16 HOY Ui dnoub HO sede(dal Sxg i aplwolq pioe
10 10 48 = X 919UM EOdPH + XODHE <—EXd + HOOOYe | UOHMISANS N /SPLOIYD ploy ofxoqieg | SMoiPAuue t8d
1D 10 ig = X ai9uym ] aueyeowo.q Jo £10d
COd®H + XHE <—5Xd + HOYS uonpniiisang “N JaueyEoI0yD joyooy snoipAyue
10 UM HOODY 10 HOY Ui dnoib HO s8o.(dal S04 . pioe
900d + IOH + 1000H «—510d + HOODY | UOMISANS N eproIyR [hoy ojfxoqueg | SmoiPAuue g
f00d + 10H + 108 <—50d + HOY | uonnyisqng ‘N SUEBNE0IO|YD [04od}yY snoipAyue
(19, FHNCHTD "1ies SUIWE Wolj sulwie 891 IOH 9u0d
Sjeiaqy 0} days |,z Ui pasn st HOBN be) O?Hz +2HNSH®O «—[H]g + ZoNSHep | UOBPNPRY aulwefuayd auszusqosIN xnijey pue ug
H(HOHOY «— THIZ + 0,904 Jjoyoole Alepuodes auo0jay joueyiaw
HO?HOY «— [Hlz + OHOY |  'OH°"Ped ‘loyooje Arewd ‘apAysple dwej wooy |, YHaeN
O%H+ HO®HOYH «— [Hl¥ + HOODY ‘loyooe pioe
HHOHOY < [HIZ + 0.4y Atewud (n) pue | lkxoqies (n) 18410 Aip
z uononpay joyoole Arepuooas pue auojay dws} wooy
HO®HOY «— [HIZ + OHOY . _ ul "HivI
2Nz IH] () ‘joyooje Aiewnd | () ‘apAysple
HN"HOY  [Hly + NOY (1) ‘suiwe Arewnd () | (1) ‘opunN ()
(il HOODY ®onpaJ Jou Sa0p)
HHOHOY «— “H + 0,40 uoRoNpay |oyooje Auepuooas auojay
HO*HOY — ?H + OHOY . pue Aiewnd pue apAyaply Jesly ‘I »
’HN?HOY < °HZ + NOY uonoNpal sujwe Kieuild NOY 9[lIN .
HPHOHOY —2H + HHO=HOY ,\_w%w_mw_ aueY auay
UCHE[ISIP
ajepaluwy
z 2 [oyooe ‘punodwod
O%H + OHOY «— [0l + HO?HOY | uonepixo aphuaply Kiewnd | 0} Lotio?y) be
pue *OS?H
P PPV
"sisAjoipAy howomx
uo sjonpoud A4
‘usalb o} S[gesIpIXo h”wuhum
‘Ploe Jl0ipaueyla pue sauszuaqihyie ‘seuaje azIpIXo 0} pasn jou Ajjensn LONEDIX abuelo wo.ly abueys wuoj yorym | »v 21n%y be
S pue POUNY Uey} Juabe BuIZIpiXo Joxeam e S| (JA)31eWOIYaIP Wnissejod epIX0 IN0J0D) :UOHEAISAD) sioysa pue | & % mwamN:
'sjoyooje g
YOUNM | %L ‘apAysple P PPV
SE 9WEeS Sjonpoid ‘HOODH
uopoeay uoleAlasqo Joeal Jeuy
syJeway pue suoijenbgy 40 odA). 9 POWWLIO} JONPOIY spdg oluebiQ | suonipuon | juebeoy

JoadA]




| Reagents used to Test for Various Functional Groups

Reagent | ype of Organic Cpds Test and Observations Equation and Remarks
that react Conditions
Alkene (C=C) Eg: CH;CH=CH, + 5[0] - CH3COOH + CO; + H,0
aq KMnO, + Alkyl benzene Eg: C¢HsCH,CH3 + 6[0] - CgHsCOOH + CO; + 2H,0
dil HySO, HCOOH, ethanedioic HCOOH and m»:m.:m&omo acid are oxam.mm.a to CO; and I.NO.
(Note: This acid, aldehyde, primary an.éam.m and primary alcohols are o«_n_mma to carboxylic
test is not or secondary alcohol I.mm» ona_.ooc:a acids while secondary alcohols are oxidised to ketones.
specific and . M“,ﬁ\_: Mo_a;_ma i Eg (CH3),CHOH + [0O] = (CH53);C=0 + H,0
more Mﬂm._, Eh_nh. 3<m_8_<m.Mm H m:O 4 mAmmmva Q_ tor | PurPle KMnO, was decolourised. Ester hydrolyses to form acid and alcohol on being warmed
specific tests | 'O QI OXIISANIE aclds 1 7 2ol with dil H,SOs. If either the acid or alcohol can be oxidized,
are usually (le HCOOH or acidification) KMnO,4 will be decolourised
ethanedioic acid) or o+
preferred) methanol. ori Eg CH3COOCH; + H,0 +H™ — CH3COOH + CH,0H
, primary or
secondary alcohol. CH5OH + 3[0] - CO, + 2H,0
Alkene (C=C) WmnoWwwﬂ_MuMma Brown Br, was rapidly decolourised. Eg: CHiCH=CH + Br - CH3CH,BrCH,Br
Alkene (C=C) Orange / brown Br, was rapidly Addition follows Markovnikov's Rule
decolourised. Eg: CHsCH=CH, + Br, + H;0 — OIQOIAOIV_%INW_. + HBr
f
Phenol m:.a ﬂmnwno% m:mmm::a Oismm / brown Br, was am.oo_oc:mma_ X +3Br, ——» Br X + 3HBr
Bromi phenylamine bromine white fumes of HBr and white ppt.
romine where X = OH or NH, Br
React compound Alkenes, phenol and phenylamine will also decolourise
with bromine and . bromine. This test is used to distinguish compound with
Benzene FeCl, as catalyst in Brown Br, was decolourised. benzene rings from those that do %9 have o%:wm:m ring and
the dark C=C bond, eg benzene from cyclohexane.
Eg: 2CH;COOH + CO;*” — 2CH,CO0™ +H,0 + CO,
. Acyl chloride will also give effervescence of CO, too but
Dwmmmumm Carboxylic acid WM_MMMcﬂmmoou to WMMNMm%MMMN M.OON [gave white ppt fumes of HCl is also evolved:

Eg: CHsCOCI + H,0 + — CHy;COOH+ HCI
2H" + CO,75C0, + H,0
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Type of Organic

Reagent Cpds that react Test and Conditions Observations Equation and Remarks
Alcohol with RCH(OH) CHj; + 4l + 60H™ — RCOO™ + CHI3 (s) + 51" + 5H,0
lodine CH4C(OH)H— gp or Warm compound with RCOCHS; + 3l + 40OH™ — RCOO™ + CHl; (s) + 31" + 3H,0
solution + aq 3 h aqueous iodine and Yellow ppt of CHI; formed. The pdt is a carboxylate salt with one C less than the starting alcohol
carbonyl cpd with
NaOH CHsCO— gp aqueous NaOH (ethanol of a secondary 2-ol) or carbonyl cpd (ethanal or methylketone).
* Note that methyl esters or amides DO NOT give CHI; with ,/OH".
Neutral FeCla | phenol Add neutral FeCls (aQ) 10 | \igjet complex formed. | 6 CgHsOH + Fe®* — [Fe(CaHsO)el” + 6H"

(aq)

the compound

Eo:
2,4- o_._mlmﬂo + Iwzl_ NO, o:wlmﬂz!_ NO,+H0
dinitrophenyl H H
; Add 2,4- H H
hydrazine Carbonyl cpds o . 0, O,
(2,4-DNPH (aldehyde or ketone) m%_h_‘o%%_‘_mo_sﬁsﬁﬂmn_:m to | Orange ppt formed.
or Brady's P Note: esters, amides, carboxylic acids give NO ppt with 2,4~
reagent) dinitrophenylhydrazine even though they contain C=0 group.
RCHO + 2Cu*" + 50H™ — RCOO™ + Cu,0 + 3H,0
A carboxylate salt with the same number of C as the aldehyde is
o , o . formed. Methanoic acid (with the H-C=0 group) also reacts with
Fening's Aliphatic aldehyde | vear CPd With Fehiing's | Reddish brown ppt of C2O | Lepiing's solution (and Tollens' rgt), itself being oxidised to CO:Z"
. . HCOOH + 2Cu** + 60H™ — CO5* + Cu,0 + 4H,0
Benzaldehyde (aromatic aldehydes) DOES NOT react with Fehling's
solution.
RCHO + 2Ag(NH,)," + 30H™ — RCOO™ + 2Ag + 4NH3+ 2H,0
A carboxylate salt with the same no of C as the aldehyde is formed.
Tollens' Warm cpd with Tollens’ . . Benzaldehyde reacts with Tollens’ reagent with much less ease and a
reagent Aldehyde solution. Silver mirror formed. grey ppt may be obtained instead of a silver mirror.

Methanoic acid is oxidised to carbonate ion:
HCOOH + 2Ag(NH3)," + 40H™ — CO* + 2Ag + 4NH3+ 3H0O
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Table 2: Reactions with common oxidising agents

KMnO,(aq), K.Cr,0s(aq), | KMnO,(aq), KMnO,(aq), Remarks/Equations
H,S04(aq), heat | H,SO4(aq), NaOH(agq), NaOH(aq),
heat heat Cold
Alkene v x v v CO;, may be produced for terminal alkenes
Purple KMnO, Purple KMnO4 Purple KMnO, E.g. CH3CH=CH, + 5[0] — CH3COOH + CO, + H,0. Oxidative
decolourised decolourised, decolourised; cleavage of alkenes with hot KMnO,.
brown MnO, ppt | brown MnO, ppt .
Alkybenzene | v/ x v X CgHsCH,CH; + 6[0] — C¢HsCOOH + CO, + 2H,0
Purple KMnO, Purple KMnO, Oxidation only occurs when alkyl side-gp has H atom on C attached
decolourised decolourised,; H H H
benzoate salt @lf» @l_Tm ©l+sx
formed to benzene ring. i.e. R H and H
1°/2° Alcohol | v/ v 4 X 1° alc are oxidised to carboxylic acids
Purple KMnO, Orange Purple KMnO,4 1° alc are oxidised to aldehydes using K,Cr,O,/H" and heat with
decolourised K,Cr,07 turns | decolourised immediate distillation.
green 2° alc are oxidised to ketones.
E.g. (CHs),CHOH + [O] — (CH3),C=0 + H,0
3° Alcohol X x X x 3° alcohols are generally resistant to oxidation except for 3°
alcohols with phenyl gp attached to hydroxyl C contain a benzene
ring and can be oxidised to benzoic acid by warming with
KMnOy/H":
E.g. CeHsC(OH)(CHs), + 8[0] — CgHsCOOH + 2CO; + 3H,0
Aldehyde v v v x Aldehydes are oxidised to carboxylic acids
Purple KMnO, Orange Purple KMnOy4 E.g. CH3CHO + [O] - CH3COOH
decolourised K,Cr,07 turns | decolourised; salf
. green formed
Benzaldehyd | v v v x E.g. CeHsCHO + [0] - CsHsCOOH
e Purple KMnO, Orange Purple KMnQO4
decolourised K,Cr,O7 turns | decolourised;
green benzoate salt
formed
Ketone X x x £% Most ketones are resistant to oxidation except for pheny! ketones
Purple KMnO, which can be oxidised to benzoic acid by warming with KMnO,/H™:
decolourised for E.g. C¢HsCOCH,CH3 + 7[0] — CgHsCOOH + 2CO; + 2H;0
phenyl ketones
Ester v X v X Warming with dil H2SO4, hydrolyses the ester into an acid and alcohol. If

Purple KMnO,
decolourised,;

Purple KMnO,4
decolourised

either the acid or alcohol can undergo oxidation (acid = HCOOH or
ethanedioic acid; alcoho! = CHsOH, 1° or 2° alcoho}), decolourisation of
KMnQ4 observed.
E.g. (1) HCOOC(CHg)s + H20 ——>HCOOH + C(CH3)sOH
HCOOH + [0] — CO2 + H20
(2) CH3COOCH2CH,CH3 + H20 ——CH3COOH + CH3CH2CH0H
CH3CH,CH20H + 2[0] ~—> CH3CH2COOH + H,0
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Table 4: Common reagents used to identify some acidic compounds

Na(s)

NaOH(aq)

Na,CO;(aq) or
NaHCO;(aq)

PCl;

Remarks/Equations

Alcohol

v

H, evolves

X

v

white fumes of
HCI

PCls cannot distinguish between alcohol and carboxylic acid.

ROH + PCls — RCI + POCI; + HCI

Phenol

v

H, evolves

v

Phenol
dissolves

X

CeHsOH (s) + NaOH (aq) — Ce¢HsO™Na' (aq) + HO (1)

This test can be used to distinguish phenol from solids that are
insoluble in ag NaOH but will not be able to distinguish phenol
from benzoic acid.

- Carboxylic
Acid

v

H, evolves

v

v

CO; evolves

v

white fumes of
HCI

E.g. 2CH;COOH + CO3* — 2CH;CO0™ +H,0 + CO,

Acid chloride will also give effervescence of CO, with aq Na,CO3
too but fumes of HCl is also evolved:

E.g. CH;COCI + H,0 + — CH3COOH+ HCI

2H* + CO,> " »CO, + H,0
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1.4 Transition Elements Summary

First Row Transition Elements

A transition element is defined as an element that possesses an incomplete d subshell in at least one of its stable ions. Scandium is
not a transition metal as its only common ion Sc* does not possess d electron. Zinc is also not a transition metal as it contains a full
3d subshell in its only oxidation state +2. Note: Cr and Cu has one 4s electron only as it is more energetically favourable for them to
have a half-filled or fully filled 3d subshell.

Element (S¢) Ti \ Cr Mn Fe Co Ni Cu (Zn)

Cfr'\z;gf:t“zn (ATad'as? | [Arj3cas? | [Arl3d®s? | (AfacPas’ | [ArJ3d*4s? | [Ar3d%s” | [Ar3dTas” | [Ar3d®s” | [Ar3d™4s' [Ar]3d"°4s?

Essentially for TEs, the special properties arise from the presence of d-electrons and d orbitals: eg catalytic
property, colour.
Physical Trends

13 TMs have smaller atomic radii than s-block metals: S-block metals use inner shell s and p electrons for shielding while s, p and d
electrons are used for shielding in TMs. d-orbitals are more diffuse and the d electrons provide poor shiefding effect; thus TMs
experience a higher effective nuclear charge.

Later TMs have almost constant atomic radii and 1st I.E.: Across the d-block, nuclear charge increases but shielding effect increases
as additional electrons are added to the penultimate (inner) 3d subshell. The increase in shielding effect offsets the increase in
nuclear charge and effective nuclear charge increases gradually. Hence the atomic radii and first L.E. are almost constant.

Jote there is no contradiction between the first two points. For the latter TMs, the 4s electrons are repelled out, as well as the d-
subshell having a higher electron density; thus shielding effect from d electrons is insignificant in earlier TMs white significant for latter
TMs.

TMs have higher melting points and boiling points as well as higher electrical conductivity: The 4s and 3d electrons are available for
delocalization, hence there are more delocalized electrons and cations have higher charge. Metallic bonding is stronger due to these
and smaller cationic radii compared to s-block metals. There are also more delocalized electrons to conduct electricity.

Variable Oxidation State Formation of Complex lons
TMs have variable oxidation states (OS) as the 3d and 4s TM ions have high charge densities and can attract ligands,
electrons are very similar in energy. When TMs lose electrons, which are neutral molecules or anions containing lone pairs.
they lose the 4s electrons first and the +2 OS is common. The M* The ligands form dative covalent bonds with the central metal
ion is rare and in higher oxidation states, the element is usually jon to form complex ions.
not found in the free metal ion but covalently bonded or as
oxyanions, e.g. MnO4’. Co':‘r%:r:iron Examples Shape
Fe(CN)™ ,
Catalytic Properties 6 {[Cu((edt)as%]z" Octahedral
Catalysts: provide alternate reaction path with lower Ea. Itself not 4 [CuCl,,]Z',z* Square planar or
onsumed in net reaction. 2 types: [Cu(NHy)e) tetrahedral
- Homogeneous: Same phase (eg in aq solution) involves rapid 2 - [Ag(NHo).T', [CuCl] Linear
- L L Key concepts:
conversion from one oxidation state to another oxidation state. Eg. 1) Ligand h Tak I h
2+ . - 2 gand exchange. Takes place when more stable
Fe®" in the reaction between I and Sz05™ complexes can be formed. Expect to see colour change, etc
The metal ion acts as an electron carrier. Higher OS cation ’ !
oxidizes one reagent, while lower OS cation reduces another. 0. . -
-uncatalysed reaction: slow because of high Ea. Foreg I and 2) E" will be different. For eg

3+ o 3- 0 _
S20s> both —ve charged and repel. Fe (: A(E"= +0'|7 V) V? [Fle (CN)s] (ag)l(E " +Qi36\é)
-catalysed reaction: multiple steps, new reaction path. -ve charge complex repels electrons and less easily reduced
Eg: Fe*oxidizes I' to give Fe** and 2.
Fe?* then reduced S;0¢” to S04%. Each step has lower Ea, since

: S " . .
oppositely charged ions which attract are involved. thus the tronger ligand (the OH") increases electron density on metal

reaction is faster. E”cen for each step can be calculated to show cen:;: - decreased ease of reductlon: Also the Fe(lll) centre is
feasibility. stabilized by electron donated from ligand.

Fe*'(aq)(E°= +0.77 V) vs Fe(OH)s(s) (E° =-0.56 V)

3) Formation of complex ions can “extract” the metal ion from
solution and thus enable the ppt of the ion to dissolve. Eg:
-excess conc CI dissolves PbCl, ,forms [PbCla*

- addition of ag. NHs dissolves AgCl ppt., forms [Ag(NHa)*"]

- excess NHs dissolves Cu(OH),. Net reaction:

4NHa(aq) + Cu(OH)2(s) > [Cu(NHa)4}* (aq) + 20H (aq)

Heterogeneous:. Depends on the availability of vacant low-lying
orbitals. and availability of d electrons for bonding with reactants.
E.g. Fe in Haber process, Ni in hydrogenation of alkenes, MnOz in
decomposition of H02, V20s in Contact Process.

_diffusion, adsorption on surface (bond breaking within reagent
molecules, effective orientation of reactants), -reaction (new
bonds form to give products), -diffusion(product molecules leave)




Coloured Complexes

In the gaseous or free ion, the five d orbitals are degenerate (of equal energy). In the presence of ligands, the d orbitals are split into
two distinct levels, creating an energy gap. The energy difference between the levels corresponds to a particular wavelength in the
visible region of the spectrum. When light falls on the complex, light with wavelength and energy correspondina to the energy gap are
absorbed and the d electrons are promoted from the lower energy d orbitals to the higher higher energy d orbitals (d-d transition). The
complex exhibits the colour complementary to that of the absorbed wavelengths.

The splitting of the d orbitals depends on the nature of the TM, its oxidation state, the shape of the complex and the nature of the
ligands, hence different complexes have different colours. if the d orbitals are completely empty (Sc**) or completely full (Cu* or Zn?*),

no transitions within the d levels can take place and the complexes are colourless.

Vanadium Cobalt
VO, IIVO(H0)a]” yellow [Co(NHa)s™* golden brown
VO**/[VO(H20)s]" blue [Co(NH2)s(H20)" bright red
VIIV(H20) green [Co(NH2)sCH* purple
VIV(H20)]> violet [Co(NH3)4ChJ cis deep violet
VFs white [Co(NH3)4Ch] " trans green
VF, lime green [CoCl)™ blue
VF3 yeliow green [Co(H,0)e]*" pink
VF, blue Co(OH), blue ppt
VCly red-brown Co{NHa)s]*" pale brown
VCh red-violet Nickel
VCh pale green N0 teen
Chromium [Ni(NH3)s)*" biue
CrCr(H.0)])”" blue/sky-blue Ni(CN)4]> sq planar yellow
CrCrH0) ) green iCl]*

L4 GHA2W)s greet [NiCl4] biue
[Cr(H20¥]"” solid sal violet Ni(OH)2/[Ni(OH)>(H20).) pale green ppt
Crogs yellow Ni(DMG) red ppt

DMG = dimethyiglyoxime
Cr0% ] Copper
Cr{OH)3/[Cr(OH)s(H20)3] Cu(l) compounds (except below) white solids

Cux0

red ppt

CuzS
Mn=iMn(HL0)] Cut
Mn(OH), off-white ppt/buff ppt CuCN
Mn203.xH;0 brown ppt [Cu(CN)4>
MnCl>~ green-yeliow -

MnQs: green solid

Mn(CN)s] > dark red CuCl, (anhydrous) dark brown
Iron CuCh.2H,;0

[Fe(CN)g* orange-brown Cuss Q)

#[Cu(edta)|”

Silver
F (H>0)el™ Ag(l) charged complexes colorless usually
[Fe(H20)s]"" (solid /
blcod réd
Prussian blue ppt
[Fe(CN)e]> + Fe** Tumbull's blue ppt gl
Fes[Fe(CN)els.15H20 dark blue ppt AgpS black ppt
(same as above) Metal lon Centre Usual Co-ord. No.
Cu’, Ag’ (d) 2 (linear)
Cu” (d) 4 (tetrahedral or sq. planar)
Ni“*, Pt (@) 4 (sq. planar)
Others 6 (octahedral)

pale blue /it e




