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A Level Chemistry

UNIT 4 
GENERAL PRINCIPLES OF CHEMISTRY 1
NOTES (2009)
Written by Mr Sergeant
Introduction

This unit includes the following.
· A quantitative study of chemical kinetics.
· Further study of organic reaction mechanisms.

· Entropy and equilibrium and their role in determining the direction and extent of chemical change.
· In the Organic Chemistry section, carbonyl compounds, carboxylic acids and their derivatives will be studied. 

· Knowledge from Units 1 and 2 will be necessary for Unit 4 

Assessment
The Unit examination will be 1hour 40 minutes.  It will carry 90 marks.  It will contain three sections, A, B and C.

Section A is an objective test

Section B short-answer and extended answer questions. 
Section C will contain data questions, requiring students to extract relevant data from the data booklet. 
Quality of written communication will also be assessed in either section B or C.

KINETICS – Rates of reaction
Introduction

In kinetic studies the rate of chemical reactions is investigated.  

Some of the factors which can affect the rate of a reaction are:

· The surface area of the reactants

· The concentration of the reactants

· The temperature at which the reaction is carried out

· The presence of a catalyst

· Light is important for photochemical reactions

Experimental Methods for Following Reactions
The rate of a reaction can be determined by following some aspect of the materials which changes as the reaction proceeds.  When the effect of concentration on the rate of reaction is being investigated, it is important to keep other factors, such as the temperature, constant during the process.

Mass changes

Mass changes that take place during a reaction can be followed by placing the reaction vessel on a balance and reading the mass at specific intervals.
Volume changes

When a gas is given off in a reaction, that reaction can be followed by measuring the volume of gas collected at various times.  To do this a reaction flask could be connected to a gas syringe.

Pressure changes

One useful way of following the reactions of gases if a pressure change takes place is to connect the reaction flask to a pressure meter and measuring the pressure at given intervals.

Titration

This could be used for following the reactions of an acid or alkali.  It can also be used for following reactions involving iodine (using sodium thiosulphate).  Pipette samples of the reaction mixture would be removed from the reaction vessel, placed in a flask and the reaction quenched.  It can then be titrated to find the concentration of the reaction mixture at a particular time.

Polarimetry Suitable for reactions involving optically active substances.
Measuring conductivity Suitable for reactions producing or consuming ions. 

Colorimetric measurement

If a reactant or product is coloured the reaction can be followed by using a colorimeter.  This measures changes in colour intensity.

A narrow beam of light is passed through the solution being investigated. 
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The filter allows an appropriate colour of light to be selected.  The start and finish solutions might be tried with different filters to see which give the largest change in reading.

The meter is usually calibrated to measure the amount of light absorbed by the solution.

Finding rate

The rate of a chemical reaction is measured by how rapidly the concentration of a substance is changing. The substance may be a reactant or a product, and the sign shows whether the substance is disappearing or being formed. 

The rate is the instantaneous rate of fall in concentration of a reactant, or the instantaneous rate of increase in concentration of a product.








Concentration and Rate

It might be thought that the rate of reaction is always directly proportional to the concentration of the reactants, but this is not the case.  It is only the substances that are present in the slowest step (the rate determining step) of a reaction that actually affect the rate of the reaction.

To provide information about how the rate depends upon the concentration of reactants or catalysts the rate equation is used.

The Rate Equation

The extent to which concentration determines the rate of a reaction is expressed as the rate equation.  These values have to be determined by experiment; they cannot be deduced from a chemical equation (as equilibrium equations are).

Suppose that we were investigating the reaction;

                                      A + B    (    C

then we would carry out experiments to see the effect of changing concentration of A and B.  

Suppose we obtain the following results for A.

	Concentration of A /moldm-3
	Initial rate /moldm-3 s-1

	0.1
	0.01

	0.2
	0.02

	0.3
	0.03

	0.4
	0.04


   So we can write;      Rate            [A]    The rate is said to be first order with respect to A.

  If we found the following results for B.

	Concentration of B /moldm-3
	Initial rate /moldm-3 s-1

	0.1
	0.01

	0.2
	0.04

	0.3
	0.09

	0.4
	0.16


                                Rate          [B]2      The rate is said to be second order with respect to B

  These values can be expressed in the same equation;

                               Rate           [A][B]2
        or            Rate =  k[A][B]2

 This is called the rate equation                            

Here  k  is called the rate constant for the reaction. It is constant for all concentrations of A, and B, provided that the temperature and any other conditions not specified do not change. The rate constant and order of reaction are experimentally determined.

The power to which the concentration is raised is known as the order of reaction.

The general form of the rate equation is written:

                    Rate = k [A]n[B]m.

                                         The value n + m is the overall order of the reaction.

Units of rate and k.

Rate is measured in concentration/time: usually  mol dm-3 s-1.
Units of k depend on the order of reaction:

· For a zero order reaction, rate =  k;  so k also has units of mol dm-3 s-1.
· For a first order reaction, rate =  k[concentration], so k has units of s-1.

· For a second order reaction, rate =  k [concentration]2, 

                                                         so  k  has units of  mol-1 dm3 s-1.

Although the preferred unit of time is the second, if data is provided in minutes or hours it may be best to keep to the unit specified. 

Finding order of reaction from initial rates.
You need to know three methods of measuring orders;

1. the initial rate method

2. use of rate–concentration graphs

3. the use of concentration-time graphs plus half-life.

The initial rate is the rate at the start of an experiment, when the concentrations are easy to measure since they have not had time to change. It is often not easy to measure the initial rate, but if it is known, the order of reaction is fairly easy to find. If possible, try to compare experiments in which only one concentration changes. 

Then, for example:

Rate   =   k’  [A]m
· If concentration of A doubles but rate does not change,  
m = 0 (zero order).

· If concentration of A doubles and rate doubles, 

m = 1 (first order).

· If concentration of A doubles and rate quadruples, 

m = 2 (second order).

[If conc. is ×1.5, for 1st order rate will be ×1.5; for 2nd order ×1.52 i.e. ×2.25]

If the information is presented as a number of moles, or a volume of solution, make sure that you first divide by the total volume to obtain concentrations (or at least check that the total volume is the same in all experiments). 

Here is an example, which has been chosen to illustrate the use of units and the calculation of the rate constant:

The table shows the results of three experiments to establish the orders of reaction with respect to components A and B. Find these orders, and calculate the rate constant for the reaction. Concentrations are all 1.0 mol dm–3.

	Experiment
	Volume of

A/cm3
	Volume of

B/ cm3
	Volume of water/ cm3
	Rate/10–5

mol dm–3s–1

	P
	100
	200
	700
	2.2

	Q
	200
	200
	600
	4.4

	R
	300
	400
	300
	26.6


The water is added to make up the volume to a suitable total, in this case 1000cm3 in each case.

Calculation:  assume 
rate = k [A]m[B]n
· Comparing P and Q: concentration of A doubles, and rate also doubles. 

Therefore reaction is first order in A (m = 1).

Note that we cannot find a direct comparison in which only B changes. We must allow for the effect of changing A first.

· Comparing P and R: concentration of A increases by a factor of three, so this alone would change the rate to 3 × 2.2 = 6.6. 

In addition the concentration of B doubles, and rate goes up by a further factor of 4 (i.e. from 6.6 to 26.6). 

Therefore, reaction is second order in B, (since rate   [2]n, n=2 ).

To find the rate constant we can substitute in the rate expression for any of the experiments.
Note the heading for Rate in the table: all the figures have been divided by10–5 mol dm–3s–1, so the rate for P is 2.2 × 10–5 mol dm–3s–1:



rate =  k  [A]m[B]n    =  k  [A][B]2

Expt. P:       2.2 × 10–5 mol dm–3s–1 =  k 
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Rate–Concentration graphs:

If the rate can be measured at different concentrations (e.g. by the initial rate method), 

a zero order reaction will show no change (horizontal line), 

while a first order reaction will increase linearly. 

For a second order reaction, rate ( [conc]2, so a graph of rate against [conc]2 would be a straight line.





Concentration–time graphs and half life.

The half life of a reactant which is not in excess is the time taken for its concentration to decrease to half its initial value. 

For a first order reaction, the half-life is always constant:










Here it takes 10 min for the % of reactant remaining to fall from 100 to 50, and another 10 min to fall from 50 to 25 (or from 82 to 41, etc).

For a second order reaction successive half-lives double.

Note that if the graph of concentration against time is straight, order is zero. If it is curved (as above, or falling more steeply at first) you need to check successive half lives to find if they are constant (order 1) or if they double (order 2).

Examples of concentration-rate studies

One method of determining rate is to follow the reaction over a period of time.

Bromine and methanoic acid react as follows:


Br2(aq)  + HCO2H(aq)                     2HBr(aq)  +  CO2(g)
The reaction can be followed by calorimeter, measuring the colour intensity of the bromine.  A calibration plot of calorimeter readings for known concentrations would be made so that it is possible to convert calorimeter readings to bromine concentration.

In this experiment the effect of changing the bromine concentration, a high concentration of methanoic acid is used, so that its concentration changes very little as the concentration of the bromine changes significantly.

Readings for such an experiment are shown below;

	Time /s
	[Bromine] /moldm-3 

	0
	0.0100

	30
	0.0090

	60
	0.0081

	90
	0.0073

	120
	0.0073

	180
	0.0053

	240
	0.0044

	360
	0.0028

	480
	0.0020

	600
	0.0013


· Plot a graph of bromine concentration against time.

· Draw tangents at intervals to fill in the table below and find the rate of change of the bromine concentration at these times.  

	Time

 /s
	[Br2]

/moldm-3
	Rate of reaction  

 /moldm-3s-1

	50
	0.0086
	2.92 x 10-5

	100
	0.0071
	2.40 x 10-5

	150
	0.0060
	2.04 x 10-5 

	200
	0.0050
	1.70 x 10-5

	250
	0.0042
	1.45 x 10-5

	300
	0.0035
	1.19 x 10-5

	400
	0.0025
	0.81 x 10-5

	500
	0.0018
	0.65 x 10-5


· Plot a new graph of the rate values obtained against the bromine concentration.  This graph produces a straight line showing the reaction to be first order with respect to bromine concentration.  

Another method of determining rate is to measure the initial rate (before any significant concentrations changes have occurred) using different starting concentrations.

  Hydrogen reacts with nitrogen(II) oxide at 800oC as follows:



2H2(g)  +  2NO(g)                  2H2O(g)  +  N2(g)
  Results of an initial rate investigation of this reaction are shown below.

	Experiment
	Initial [NO] / moldm-3
	Initial [H2] / moldm-3
	Initial rate of reaction / moldm-3 s-3

	1
	6 x 10-3
	1 x 10-3
	3.0 x 10-3

	2
	6 x 10-3
	2 x 10-3
	6.0 x 10-3

	3
	6 x 10-3
	3 x 10-3
	9.0 x 10-3

	4
	1 x 10-3
	6 x 10-3
	0.5 x 10-3

	5
	2 x 10-3
	6 x 10-3
	2.0 x 10-3

	6
	3 x 10-3
	6 x 10-3
	4.5 x 10-3


Comparing experiments 1, 2 and 3, it can be seen that as the concentration of hydrogen increases, the rate of reaction increases proportionately.  This shows that the reaction is first order with respect to the hydrogen.

Comparing experiments 4, 5 and 6, it can be seen that as the concentration of nitrogen(II) oxide increases, the rate of reaction increases by the square of the concentration increase.

	Experiment
	Initial [NO] / moldm-3
	Change in [NO]
	Initial rate of reaction / moldm-3 s-3
	Change in rate

	4
	1 x 10-3
	
	0.5 x 10-3
	

	5
	2 x 10-3
	Expt 4 x 2
	2.0 x 10-3
	Expt 4 x 4

	6
	3 x 10-3
	Expt 4 x 3
	4.5 x 10-3
	Expt 4 x 9


This shows that the reaction is second order with respect to the nitrogen(II) oxide.

So the rate equation is 
Rate = k[H2][NO]2
By substituting in values the value of k can be determined.

Using experiment 3




9.0 x 10-3 = k x 3 x 10-3 x (6 x 10-3)2




k =                                                          = 8.33 x 10-4



Units of k =                                                       = mol-2dm6s-1
Reaction Mechanisms

Many reactions actually take place in a number of steps.  The way in which atoms, ions or molecules interact, stage by stage, is known as the reaction mechanism.  Rate studies can provide useful information about the reaction mechanism.

In a reaction which has several stages, the different stages will proceed at different rates.  It is the slowest step which will determine how long the reaction takes.  This step is called the rate determining step.  Since the rate determining step controls how long the reaction takes, then the substances in this step will appear in the rate equation.  The rate equation then provides evidence about the substances involved in the rate determining step.

The reaction between propanone and bromine is a first order reaction overall.

                                    Rate = k [propanone]1[bromine]0 

The rate then is proportional to the concentration of propanone, but independent of the concentration of bromine.  This suggests that the reaction takes place in a number of stages, and that only the propanone is involved in the rate determining step.  

e.g.  For an SN1 reaction two steps are involved 

RX ( R+ + X-     
step 1   slow 
  R+ + OH- ( ROH         
step 2   fast 


       The rate depends on the slow step 1.          rate = k[RX]    
first order
        For an SN2 reaction there is a rate determining slow step involving two species.    

RX + OH- ( HO--R—X
slow
          





           rate = k[RX][OH-] 
second order

Mechanisms and Kinetic data
Chemical reactions occur when molecules (or atoms, or free radicals, or ions) collide: at a given temperature a constant proportion of collisions is likely to be successful.  

If molecules of A and B are in the same vessel, the number of collisions between A and B depends on their concentrations:     number of A–B collisions      [A] [B]

i.e. if we double the number of A molecules in the vessel we will get twice as many A–B collisions; if we double both A and B, there will be four times as many collisions. 

If A and B take part in a simple, one-step reaction, the rate of reaction will depend on the number of A–B collisions:                               rate of reaction     [A] [B]

In general, in a one-step reaction, the rate of reaction is proportional to the product of the concentrations of each species colliding. The number of species (atoms, molecules or ions) which collide in a one-step reaction is called its molecularity:

e.g.  
          A  
(   products;   
rate     [A];   

unimolecular


         
   A   +   A 
(   products

rate     [A]2

bimolecular



   A   +   B
(   products

rate    [A][B]

bimolecular



   A + B + M
(   products

rate    [A][B][M]
trimolecular

Trimolecular reactions are extremely unusual.

The mechanism for a reaction can be proposed with help from kinetic data but some speculation is needed.

1. The rate equation gives us information about what reacts in the rate determining step.

2. Sensible products must be suggested for the rate determining step.

3. If more molecules of reactant remain and more product molecules are still to be formed more steps must be proposed.

Write rate equations for the following

Overall equation:
2A  +  B    (      C

Steps


          2A   (      D
Slow



             B  +  D     (      C      Fast

Overall equation:         E  +   G     (      J     (catalysed by acid)

Steps

            G  +  H+     (      L      Slow




 L  +  E       (      J
Fast

Overall equation:    C2H5Br  +  OH-      (       C2H5OH  +  Br -
Steps                      C2H5Br  +  OH-      (       [C2H5-Br-OH-]
     Slow

                                [C2H5-Br-OH-]       (       C2H5OH  +  Br -    Fast

Overall equation    (CH3)3CBr  +  OH-     (      (CH3)3COH  +  Br - 

Steps                             (CH3)3CBr
     (
   (CH3)3C+  +  Br -      Slow

                              (CH3)3C+  +  OH-        (        (CH3)3COH           Fast

The Transition State Theory
The transition state theory says that when molecules collide and react, they move through a state of instability or high potential energy.  This state of high potential energy is called the transition state or the activated complex.  The energy required to attain the transition state is the activation energy.


An example of this is the hydrolysis of a primary halogenoalkane.


R-X  +  OH-      (           [HO-R-X]-       (       ROH  +  X-
Transition state 

In some reactions an intermediate is formed.  For example in the hydrolysis of a tertiary halogenoalkane, a carbocation is formed.


R-X     (    R+  +  X-
The R+ carbocation is a reactive intermediate.  This then reacts with the OH- to produce the alcohol.

When a reactive intermediate is formed the reaction goes through two transition states.










The higher the value of the activation energy, the lower the number of effective collisions and so the lower the rate constant.

Rate and Reaction Mechanism in Real Systems
Results from kinetics studies provide information about reaction mechanism.

The rate equations for the hydrolysis of primary and tertiary halogenoalkanes are different.

For hydrolysis of primary halogenoalkanes the rate equation is:      Rate = k[RX][OH-] 

For hydrolysis of tertiary halogenoalkanes the rate equation is:       Rate = k[RX]

The different rate equations arise because the hydrolysis of primary halogenoalkanes takes place by a different mechanism than that for tertiary halogenoalkanes.

The reaction mechanism for the hydrolysis of primary halogenoalkanes is as follows:




The reaction mechanism for the hydrolysis of primary halogenoalkanes is as follows:




Iodine reacts with propanone as follows


I2  +  CH3COCH3    (     CH2ICOCH3  +  HI

This reaction is catalysed by the presence of an acid.

The rate equation for this reaction is

Rate = k[CH3COCH3][H+]

This tells us that the rate determining step for this reaction involves only the propanone and the hydrogen ions.






Temperature and rate

Often an increase in temperature of 10oC can double the rate of reaction.  In terms of absolute temperature this means a change of temperature from 395 K to 405 K; so the proportional change in rate vastly outweighs the proportional change in temperature. This cannot be explained in terms of speed of particles, as their speed is determined by the absolute temperature.

In topic 2.8, it was seen that activation energy is an important factor for rate of reaction when the temperature is altered.  The activation energy was connected with the Boltzmann distribution of energy.


At a higher temperature the proportion of particles with an energy equal to, or greater than, the activation energy increases significantly.



The Arrhenius Equation

An important equation linking activation energy, temperature and rate of reaction is the Arrhenius equation.

In this equation, 
k is the rate of reaction, 

EA the activation energy, 

R the gas constant 

and 
T the temperature in Kelvin.  

A is the Arrhenius constant connected with the number of collisions and collision orientation.

It can be seen from this equation that as the activation energy increases, the rate constant will decrease and that as the temperature increases the rate constant also increases.

The table below shows how the rate constant might change with activation energy.  

	Activation energy / kJmol-1
	Rate constant 

	40
	74800

	50
	1313

	60
	23.0

	70
	0.404


The table below shows how the rate constant might change with temperature.  

This is based on the kinetics for the reaction:

2HI             H2  +  I2
	Temperature /K
	Rate constant

	273
	3.33 x 10-26

	473
	2.12 x 10-10

	673
	5.45 x 10-4

	773
	4.99 x 10-2

	873
	1.62


  Taking log to base e in 





ln k = ln A  +  ln e




ln k = ln A – EA/RT

This can be used to find a value of the Activation Energy.

A graph of 

y = a – bx,   

appears as follows







The log version of the Arrhenius equation can be plotted in a similar way

y  =   a   –   bx   


ln k   =   ln A   –   EA/R (1/T)

When a graph of ln k is plotted against 1/T, the slope of the line is –EA/R







If k is calculated for different values of T then a plot of ln k against 1/T 

gives a line of gradient = - Ea/R.

If k is calculated for different values of T then a plot of log k against 1/T 

gives a line of gradient = - Ea/2.3R.
Determination of the Activation Energy for a reaction

Sodium thiosulphate reacts with dilute hydrochloric acid according to the equation:


S2O32-(aq)  +  2H+(aq)                  SO2(g)  +  S(s)  +  H2O(l)

The sulphur forms a suspension and the mixture becomes progressively more cloudy.

The acid and the thiosulphate are mixed at a particular temperature and the time taken for the sulphur formed to obscure a mark behind the tube is noted.  





The reaction is then carried out at different temperatures. Results are shown below.

	Temperature /oC
	Temperature (T) /K
	Time / s
	1/T

/ K-1
	1/time

/ s-1 (rate)
	ln 1/time

	60
	333
	12
	0.003003
	0.083333
	-2.48491

	52
	325
	18.6
	0.003077
	0.053763
	-2.92316

	44.5
	317.5
	28
	0.003150
	0.035714
	-3.3322

	40
	313
	36
	0.003195
	0.027778
	-3.58352

	34.5
	307.5
	50
	0.003252
	0.020000
	-3.91202

	28
	301
	74
	0.003322
	0.013514
	-4.30407

	21
	294
	116
	0.003401
	0.008621
	-4.75359


· Plot a graph of ln k against 1/T.

· Find the gradient

· Use the relationship, Gradient = -EA/R to calculate the activation energy for the reaction given that R = 8.3 JK-1mol-1.

Catalysts and rate

In Unit 2, it was seen that catalysts work by providing an alternative path for the reaction at a lower activation energy.  



The effect of this can be shown diagrammatically in a Maxwell-Boltmann distribution curve.


The effect of lowering the activation energy even by proportionally small amounts is illustrated in the table in the “Arrhenius Equation” section.  Many catalysts alter the activation energy considerably. 

Entropy
Exothermic and Endothermic Reactions

Most chemical reactions give out heat energy as they take place, so the products have less energy (and so are more stable) than the reactants.  These are exothermic reactions.

When ethanoic acid is added to sodium hydrogencarbonate, a reaction takes place and the temperature decreases, so heat energy is being taken in.  This is an example of an endothermic reaction in which the products have more energy (are energetically less stable) than the reactants.

An endothermic reaction can be compared to a ball spontaneously rolling uphill or a pencil lying down springing upright.




What enables chemical reactions to do what is energetically unfavourable?  
Energy considerations by themselves are clearly not sufficient to explain why chemical reactions take place.

The other factor that is important for chemical reactions is entropy.  Essentially materials go to their most likely condition; the most probable situation - that is where there is the maximum freedom.

The greater the freedom molecules have, the greater the entropy.  As molecules become more randomly distributed their entropy increases.  When molecules gain energy they gain freedom of movement and so their entropy increases.  
The symbol used for entropy is S.
Solids have restricted movement for the molecules in them, so they have lower entropies than other states.  Perfect crystals at 0 Kelvin have zero entropy.  
In liquids, the molecules have greater freedom of movement than solids, so liquids have higher entropies than solids.  
This means that dissolved substances will have higher entropies than the solid.  
The molecules in gases have much greater freedom of movement and so have comparatively high entropy values.  

Complex molecules generally have higher entropies than simple molecules as there are more ways they can arrange themselves.

The table below gives entropy values of selected substances at 298K.

	Substance
	State 
	Entropy /JK-1mol-1

	Aluminium 
	Solid 
	28.3

	Silicon dioxide
	Solid 
	41.8

	Water 
	Liquid 
	70.0

	Argon 
	Gas 
	154.7

	Carbon dioxide
	Gas 
	213.6


It can be seen from this table that the more ordered the state, the lower the value of entropy.  The solids have the lowest values.  Liquids have higher values and gases have still higher values.

The table below gives entropy values of certain alkanes.

	Alkane 
	State
	Entropy /JK-1mol-1

	Methane
	Gas
	186.2

	Ethane
	Gas
	229.5

	Propane
	Gas
	269.9

	Butane
	Gas
	310.1

	Pentane 
	Liquid
	261.1


The table of alkanes shows that as the complexity of the gaseous molecules increases so do the entropy values.  Pentane has a lower value than butane because it is liquid rather than gas.  

When a chemical reaction takes place new substances are formed.  The products of a reaction will have different entropy values to the reactants, so the entropy of “the system” changes.  The change in entropy can be found using the following equation:

ΔSSYSTEM  = ΔSPRODUCTS  -  ΔSREACTANTS
For spontaneous change to take place the entropy must increase.  
Changes that incur an increase in entropy include:

· Formation of gas molecules 

· Dissolving of a solid

· Decomposition of a substance (as the resulting components have greater freedom of movement)
· Gases becoming more randomly distributed (diffusion)

When magnesium burns the magnesium atoms combine with oxygen molecules to form a magnesium oxide ionic lattice.


2Mg(s)  +  O2(g)      (      2MgO(s)
In this change a gas is converted to a solid, so the entropy in this change seems to decrease and break our rule about spontaneous change.  
Indeed, the entropy change is -221.5JK-1mol-1. 
However as the reaction takes place energy is given out and so the surrounding molecules gain energy and so gain entropy.

When considering entropy in changes, it is necessary to consider what happens to the surroundings as well as the system (chemical reaction) itself.



ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS
Any entropy increase in the surroundings comes from the energy which the system gives out.  The increase in entropy depends upon the proportional increase in energy of particles in the surroundings.  If for example the surroundings gain 20kJ of energy, the proportional increase is greater if the surroundings originally have low energy.  Temperature is a measure of the energy of molecules, so the change in entropy in the surroundings is;



ΔSSURROUNDINGS = 

It can be seen from this that as the temperature becomes higher, the value of ΔSSURROUNDINGS decreases.
A reaction is feasible if is ΔSTOTAL positive.  This will depend upon the change in entropy of the system and the change in entropy of the surroundings.

ΔSTOTAL  =  - ΔH/T  +  ΔSSYSTEM  

  The table below shows the various possibilities.
	ΔSSYSTEM
	ΔSSURROUNDINGS
	Comparative values
	ΔSTOTAL
	Feasibility of reaction

	+
	+
	
	+
	Yes

	-
	+
	ΔSSYSTEM > ΔSSURROUNDINGS
	-
	No

	-
	+
	ΔSSYSTEM < ΔSSURROUNDINGS
	+
	Yes

	+
	-
	ΔSSYSTEM > ΔSSURROUNDINGS
	+
	Yes

	+
	-
	ΔSSYSTEM < ΔSSURROUNDINGS
	-
	No

	-
	-
	
	-
	No


  For the example of burning magnesium ΔH = -1204kJmol-1 at 298K.
  
So ΔSSURROUNDINGS = -(-1204)/298 = +4.0403kJK-1mol-1
 
Using ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS 



Converting +4.0403kJK-1mol-1 to +4,040.3 JK-1mol-1


ΔSTOTAL =  (-221.1)  +  (+4,040.3)  = 3,818.8 JK-1mol-1
It can now be seen that the overall entropy change is positive, showing that the reaction is feasible.

Other examples

Combustion of carbon


C(s)  +  O2(g)    (    CO2(g)
ΔSSURROUNDINGS = -(-393.5)/298 = +1.32047 kJK-1mol-1 (or +1,320.47 JK-1mol-1)


 
Using ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS 



ΔSTOTAL =  (+3.02)  +  (+1,320.47)  = +1,323.49 JK-1mol-1
  

The positive value shows that this reaction is feasible.

Decomposition of calcium carbonate


CaCO3(s)    (     CaO(s)  +  CO2(g)
ΔSSURROUNDINGS = -(+178)/298 = -0.597 kJK-1mol-1 (or -597 JK-1mol-1)

 
Using ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS 



ΔSTOTAL =  (+165)  +  (-597)  = -432 JK-1mol-1
The negative value shows that this reaction is not feasible at room temperature.

Solutions
When an ionic substance is placed in water, the water molecules, being highly polar, are attracted to the ions. The oxygen in the water molecule carries a partial negative charge and is attracted to cations. The hydrogen in the water molecule carries a partial positive charge and is attracted to anions.

The process of water molecules linking to ions is called hydration of ions.  The water molecules are vibrating, so as they bond to the ions they shake the ions free from the lattice.

The process of dissolving is shown below.



Some ionic compounds do not dissolve in water because the electrostatic attraction between the ions is too great for the water molecules to overcome.

There are two key energy processes taking place as an ionic substance dissolves.  The lattice has to be broken apart.  This is an endothermic process.  As new bonds form between the water molecules and the ions an exothermic process takes place.  The energy change that takes place when a solution dissolves is a balance of these two energy changes.  This is illustrated in the diagram below.


  










Definitions for Enthalpy Change in Solution
Lattice Enthalpy,

The heat energy given out (exothermic enthalpy change), when one mole of a crystal lattice is formed from separate, gaseous ions at an infinite distance apart under standard conditions.

  For one mole


Enthalpy of Hydration,

The heat energy given out when one mole of gaseous ions dissolve in an excess of water to form an infinitely dilute solution under standard conditions.

  For one mole



Enthalpy of Solution,

The solution enthalpy is a measure of the amount of heat energy change when one mole of substance is dissolved in excess water.

Lattice Enthalpy

The lattice enthalpy is a measure of the strength of an ionic lattice.  Some values of lattice enthalpy are given below.

	Compound
	Lattice energy/ kJmol-1

	NaF
	-923

	NaCl
	-776

	NaBr
	-742

	NaI
	-699

	KCl
	-701

	RbCl
	-675

	CsCl
	-645

	MgCl2
	-2493

	CaCl2
	-2237

	MgO
	-3933

	CaO
	-3513


It can be seen that as the size of the anion increases, the value of the lattice energy drops.  This is because the sum of the radii increases (distance between the centres of charge increases), and so electrostatic attraction decreases as and the lattice enthalpy decreases a consequence.  Increasing size of cation also causes a decrease in the lattice enthalpy.

The higher the charge on either or both of the ions, the greater the lattice enthalpy.  As the charge on the ion increases the electrostatic attraction also increases, so the lattice energy becomes greater.  

Hydration Enthalpy

The hydration enthalpy is a measure of the attraction between an ion and water molecules.  Some values of hydration enthalpy are given below.

	Ion
	Hydration enthalpy/ kJmol-1
	Ion
	Hydration enthalpy/ kJmol-1

	Li+
	-499
	F-
	-457

	Na+
	-390
	Cl-
	-381

	K+
	-305
	Br-
	-351

	Mg2+
	-1891
	I-
	-307

	Ca2+
	-1562
	
	

	Al3+
	-4613
	
	


It can be seen that as the size of the cation increases, the value of the hydration enthalpy drops.  This is because the distance between the centre of ionic charge and the water molecule increases, and so electrostatic attraction decreases as and the hydration enthalpy decreases a consequence.  Increasing size of anion also causes a decrease in the hydration enthalpy fro similar reasons.

The higher the charge on the ion, the greater the hydration enthalpy.  As the charge on the ion increases the electrostatic attraction also increases, so the hydration enthalpy becomes greater.  

Enthalpy of Solution

The enthalpy of solution is related to the lattice and hydration enthalpies as follows:


ΔHsoln  =  - ΔHlatt  + ΔHhyd

  Considering sodium chloride






ΔHsoln  =  - ΔHlatt  + ΔHhyd
ΔHsoln(NaCl) = - (-776)  +  (-390 + -381) = +5kJmol-1
It can be seen that the enthalpy of solution for sodium chloride is endothermic.  To understand why the process of dissolving occurs spontaneously it is necessary to look at the entropy changes involved in the process. 
ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS
Although this is an endothermic reaction making ΔSSURROUNDINGS negative, the ΔSSYSTEM has a high positive value because the process of dissolving means that a highly ordered ionic lattice becomes a much less ordered solution of ions.  

The dissolving of ammonium chloride is even more endothermic with a ΔHsoln of +16 kJmol-1.









The values of system entropy and enthalpy of solution are shown below.


So ΔSSURROUNDINGS = -(+16)/298 = -0.0537 kJK-1mol-1 (or -53.7 JK-1mol-1)

Calculating ΔSTOTAL.

ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS

ΔSTOTAL  = (+278.5)  +  (-53.7)  =   +224.8 JK-1mol-1 

The positive value of ΔSTOTAL allows us to predict that ammonium chloride will be soluble.
Equilibrium
Dynamic Equilibrium

Equilibrium involves reactions which do not go to completion.  These reactions are reversible.

If we consider a reaction between A and B to form C and D which is reversible.  When A and B are mixed, the molecules will form C and D.  However, as soon as molecules of C and D are formed and collide they can also react to become A and B.  Such a reaction is written;

A  +  B   
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    C  +  D

The reaction reaches a point at which the proportion of each chemical becomes constant.  This is described as equilibrium.


The forward and backward reactions continue, but in balance, the same number of molecules reacting in each direction, so a dynamic equilibrium exists.


Quantitative Equilibria

In this section we deal with the quantitative aspects of equilibria.  Quantities of materials involved in equilibrium reactions can be expressed as a concentration in moles per dm3, or for gases as a partial pressure.

In a vessel containing a mixture of gases, the partial pressure of one gas is the pressure it would exert if it occupied the vessel alone. 

The total pressure in a mixture of gases is the sum of all the partial pressures. 

It follows that:

partial pressure of A    =   mole fraction of A × total pressure
For example, if one gas makes up 15% by volume of the mixture (or 15% of the molecules) its partial pressure will be 0.15 × P, where P is the total pressure.

The mole fraction of a gas in a mixture is the fraction of the total number of moles of gas present:


      mole fraction of A
=   
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The sum of all the mole fractions must always be 1.0.

If nitrogen and hydrogen are mixed in a 1:3 molar ratio, and together they have a partial pressure of 800 MPa, then:
 
partial pressure of nitrogen 
=  ¼ × 800 
= 200 MPa


partial pressure of hydrogen 
=  ¾ × 800 
= 600 MPa.

Examples

2 moles of nitrogen, 3 moles of oxygen and 1mole of carbon dioxide were placed in a vessel. 
The total pressure was 5 atmospheres. 

Calculate the partial pressure of each of the gases in the mixture.

2.8g of carbon monoxide, 8.8g of carbon dioxide and 2.3g of nitrogen dioxide were placed in a vessel.  The total pressure was 8atm. 
Calculate the partial pressure of each of the gases in the mixture. 


Equilibrium expression

Le Chatelier will give us an idea of the direction of change, but, where concentrations are involved, we can calculate precisely what happens. In general, for a reversible reaction between a moles of substance A, and b moles of substance B etc:

a A   +  b B  
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   c C  +  d D

when the system has come to equilibrium, the ratio given by Kc  will be constant: 

Kc  =  
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where [C] means concentration at equilibrium, normally in mol dm–3
i.e. equilibrium constant = (product of products) divided by (product of reactants).

The main mistakes students make over this are to forget that the right hand side of the equation goes on top, and to forget that concentrations are multiplied together, not added.

Kc is called the concentration equilibrium constant. 

For gases, it is often more convenient to express this constant in terms of partial pressures:

       Kp  =  
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where 
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P

 is the partial pressure  of C  at equilibrium

Kp is called the pressure equilibrium constant.

Note that the both types of equilibrium constant will have units, unless (c + d) = (a + b). They therefore normally have different numerical values, for the same position of equilibrium.

The equilibrium constant is only affected by temperature: it does not change if concentrations or pressures are varied, nor in the presence of catalysts. 

The position of equilibrium, however, is normally affected by changes in concentration. 

A large value for Kc or Kp usually means there is a high concentration of products (on top in the equations) at equilibrium , and so the theoretical yield is high.

Conversely, a small value for Kc or Kp usually means there is a very low theoretical yield possible, when the reaction has come to equilibrium.

Units of the Equilibrium constant.

The units of the equilibrium constant depend upon the equilibrium expression and must be calculated by substituting in the units of concentration or pressure and cancelling down.

Examples

Write Kc expressions for the following and give the units
2Fe3+(aq)    +  2I-(aq)   
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      2Fe2+(aq)   +  I2(aq)


NH3(aq)    +  H2O(l)     
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       NH4(aq)    +  OH-(aq)


Cu2+(aq)  +  4NH3(aq)   
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       Cu(NH3)42+(aq)                      


CH3CO2H(aq)  +  C2H5OH(aq)  
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     CH3CO2C2H5(aq)    +  H2O(l)


Write Kp values for the following and give units (based on pressure given in atm)

N2(g)  +  3H2(g)       
 EMBED Word.Picture.8  

       2NH3(g)

2SO2(g)  +  O2(g)    
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        2SO3(g)

When a reaction contains materials which are all gases or aqueous solutions, the equilibrium is said to be homogeneous.  If a reaction contains solid or liquid components, the equilibrium is said to be heterogeneous, and the expressions do not include these components. 


CaCO3(s)    
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     CaO(s)  +  CO2(g)
3Fe(s) +  4H2O(g)    
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    Fe3O4(s)  +  4H2(g)

PbCl2(s)     
 EMBED Word.Picture.8  

     Pb2+(aq)    +  2Cl-(aq)
Equilibrium Calculations.

We will normally find values for Kc and Kp from experimental data.

Example 1: Calculate Kc for the esterification of ethanoic acid by ethanol given that for a 1dm3 of this homogeneous liquid equilibrium the amounts present are as shown below.
                                    CH3CO2H + C2H5OH   
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 CH3CO2C2H5 + H2O 

Equilibrium amount/mol  0.0255       0.0245             0.0584        0.0457 


Kc = [CH3CO2C2H5] [H2O] / [CH3CO2H] [C2H5OH] 

Kc = 0.0584 x 0.0437/ 0.0255 x 0.0245 = 4.1 (no units for esterification reaction)

Example 2; In the reaction given below, 0.1 mol of A is mixed with 0.3 mol of B, dissolved in 0.5 dm3  of water, and allowed to come to equilibrium, when the amount of D is found to be 0.06 mol. Find the equilibrium constant, Kc.




A          +
2 B  
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C         +
3 D

  At start: 


0.1
0.3 
0
   0 

 At equilibrium, we know:


   
0.06

therefore:
 

0.1-0.02       0.3-0.04
0.02

(since 1 A ( 3 D, 0.02 A ( 0.06 D; 0.04 B ( 0.06 D , and 0.02C is formed).


Kc  
=  
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=  1.60×10–3  mol dm–3
Note that the number of moles is divided by the total volume (0.5) to obtain the concentration.

Example 2: If at 55oC the partial pressure of nitrogen dioxide in an equilibrium mixture is 0.67atm and the partial pressure of dinitrogen tetraoxide in the mixture is 0.33atm what is the value of Kp for the reaction at this temperature? 
N2O4(g) 
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 2NO2(g)
Kp = p2NO2(g)/ pN2O4(g)

Kp = 0.67atm2/0.33atm
Kp = 1.36atm

Example 3: In the dissociation of phosphorus pentachloride, at 180°C and 2.00 atm pressure, the phosphorus pentachloride is found to be 40% dissociated. Find Kp.

Consider 1 mole of reactant.



PCl5(g)     
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PCl3(g)     +  
Cl2(g)

At start

1.00


0.00

0.00

At equilibrium  0.60


0.40

0.40    —  total 1.40 mol

mole fractions
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Kp  =  
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  = 0.380 atm

The effect of temperature on Kc and Kp.

Kc, Kp and the position of equilibrium are affected by temperature in endothermic and exothermic equilibria.  

The effects are the same as predicted by Le Chateliers principle.  

Exothermic reactions:

Temperature rise:- position of equilibrium moves to left, Kp and Kc become smaller.


Temperature fall:-  position of equilibrium moves to right, Kp and Kc become bigger

Endothermic reactions:

Temperature rise:- position of equilibrium moves to right, Kp and Kc become bigger.


Temperature fall:-  position of equilibrium moves to left, Kp and Kc become smaller. 
Equilibrium and Entropy

Equilibrium is linked to entropy.  For a reaction to be feasible the total entropy change (the sum of change in system entropy and change in surroundings entropy) must be positive.  The higher the positive total entropy change, the further an equilibrium is driven in that direction and the greater the equilibrium constant.  The link is given by the following equation:

ΔS = R ln K

Here ΔS is the change in total entropy, ie ΔSTOTAL
The equation for determining total entropy is   ΔSTOTAL  = ΔSSURROUNDINGS  +  ΔSSYSTEM    

Since ΔSSURROUNDINGS  = - ΔH/T  

Then   ΔSTOTAL  =  - ΔH/T  +  ΔSSYSTEM  

This equation shows us that as the temperature increases the value of - ΔH/T  or ΔSSURROUNDINGS decreases, so the effect is less pronounced on ΔSTOTAL.
In the entropy section, one example looked at was the decomposition of calcium carbonate.

Decomposition of calcium carbonate


CaCO3(s)      (     CaO(s)  +  CO2(g)
ΔSSURROUNDINGS = -(+178)/298 = -0.597 kJK-1mol-1 (or -597 JK-1mol-1)

 
Using ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS 



ΔSTOTAL =  (+165)  +  (-597)  = -432 JK-1mol-1
If this calculation is repeated for a temperature of 1000oC, the effect of the reduced ΔSSURROUNDINGS can be seen.
ΔSSURROUNDINGS = -(+178)/1273 = -0.140 kJK-1mol-1 (or -140 JK-1mol-1)

 
Using ΔSTOTAL  = ΔSSYSTEM  +  ΔSSURROUNDINGS 



ΔSTOTAL =  (+165)  +  (-140)  = +25 JK-1mol-1
The value of is now positive, showing that the reaction is now feasible.  
In general raising the temperature of an endothermic reaction makes it more likely to take place and drives an equilibrium to the right.

Application of Rates and Equilibria
Factors effecting equilibrium constants

The effect of various factors (such as temperature and use of a catalyst) on the position of equilibrium can be found in unit 2.

Temperature

In Unit 2 it was seen that by Le Chatelier’s principle, increasing the temperature of a reaction causes a shift towards the endothermic reaction. Decreasing the temperature of a reaction causes a shift towards the exothermic reaction.

The explanation for this was seen in the Entropy topic by considering entropy factors in equilibrium reactions.

If the forward reaction is exothermic, an increase in temperature favours the reverse reaction, reducing the quantity of product and increasing the quantity of reactant, so the equilibrium constant is reduced.

If the forward reaction is endothermic, an increase in temperature favours the forward reaction, reducing the quantity of reactant and increasing the quantity of product, so the equilibrium constant is increased.

An increase in temperature always produces an increase in rate.  The equilibrium can shift because the proportional increase in rate of the forward and backward reactions will depend upon whether they are endothermic or exothermic.

Pressure

In Unit 2 it was seen that by Le Chatelier’s principle, increasing the pressure of a gaseous reaction causes a shift towards the side with fewer molecules.  Decreasing the pressure of a gaseous reaction causes a shift towards the side with the larger number of molecules.  

The effect of changing pressure on the equilibrium constant can be seen using a hypothetical example:       A     
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    D  +  E
If A is 20% dissociated at pressure of 1 atm, the value of Kp can be found. 

	
	A
	D
	E

	Moles - start
	1
	0
	0

	Moles - equilibrium
	0.8
	0.2
	0.2

	Partial pressure
	0.8 / 1.2 x1 

= 0.67atm 
	0.2 / 1.2 x1 

= 0.17 atm
	0.2 / 1.2 x1 

= 0.17 atm


Kp = PB x PD / PA =  0.17 x 0.17 / 0.67 = 0.0417 atm

If the pressure is raised the equilibrium would shift to the left.  What will this do to the equilibrium constant?

At a pressure of 2 atm the equilibrium shifts to the left so that A is only 14.3% dissociated. 

	
	A
	D
	E

	Moles - start
	1
	0
	0

	Moles - equilibrium
	0.857
	0.143
	0.143

	Partial pressure
	0. 857 / 1.143 x 2 

= 1.5 atm 
	0.143/ 1.143 x 2

= 0.25 atm
	0.143/ 1.143 x 2

= 0.25 atm


Kp = PB x PD / PA =  0.25 x 0.25 / 1.5 = 0.0417 atm

It can be seen that although the equilibrium has shifted to the left, the equilibrium constant is unchanged.

When pressure is increased the molecules are pushed closer together, so effectively the concentration increases.  This generally produces an increase in the rate of a reaction.

Catalyst

The presence of a catalyst increases the rate of a reaction of both forward and backward reactions in proportion.  This means that the use of a catalyst does not shift an equilibrium in any particular direction and does not change an equilibrium constant. 
The table below gives a summary of the effect of changing various conditions on equilibrium.

	Change in condition
	Reaction
	Effect on

	
	
	Equilibrium position
	Equilibrium constant

	Temperature increase
	Exothermic
	Shifts to left
	Decreases

	Temperature decrease
	Exothermic
	Shifts to right
	Increases

	Temperature increase
	Endothermic
	Shifts to right
	Increases

	Temperature decrease
	Endothermic
	Shifts to left
	Decreases

	Pressure increase
	Molecules on LHS > Molecules on RHS
	Shifts to right
	No change

	Pressure decrease
	Molecules on LHS > Molecules on RHS
	Shifts to left
	No change

	Pressure increase
	Molecules on LHS < Molecules on RHS
	Shifts to left
	No change

	Pressure decrease
	Molecules on LHS < Molecules on RHS
	Shifts to right
	No change

	Catalyst added
	
	No change
	No change


Industrial Processes
Information on entropy change, enthalpy change and equilibrium constants can be used to select conditions for industrial processes.

The reaction between nitrogen and hydrogen to produce ammonia is a reversible reaction.



N2  +  3H2     
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       2NH3
If nitrogen and hydrogen are mixed and heated virtually no ammonia is produced.  
Since the value of ΔSTOTAL is positive it is clear that the reaction is feasible, so the choice of conditions is key to the production of ammonia in this reaction.

· It is an exothermic reaction, so a low temperature favours the formation of ammonia.
· There are two molecules of gas on the right hand side and four on the left, so a high pressure favours the formation of ammonia.

The problem in the production of ammonia is that at the low temperature required for a good equilibrium position, the rate of reaction is so slow as to be non-existent.

A high pressure increases the concentration of the gases, and so increases the rate.  The problem with creating a pressure is that it is very expensive in terms of building the plant and in terms of maintenance.

Haber devised conditions whereby ammonia could be produced economically.

TEMPERATURE
High temperature favours good rate
Low temperature favours equilibrium

PRESSURE

High pressure favours good rate and good equilibrium
Low pressure is cheaper

TYPICAL CONDITIONS
Pressure            250 Atm
Temperature     450oC

Catalyst             Iron

Under these conditions ammonia can be produced economically.  The use of a catalyst means that a good rate can be produced at a moderate temperature which allows about 10 - 15 % ammonia to be produced.

Although 10% is not a particularly good yield, the unused gases are recycled, so there is no waste, and a rapid reaction means that good quantities of ammonia are produced.

In this process as in other industrial processes, the system never actually attains equilibrium.  This is because it is more economical to remove the reaction mixture from the reaction vessel when a certain amount of product has formed, separate out the product and recycle to reactants.

Choice of catalyst is very important for the chemical industry.   The iron catalyst for the Haber process becomes more effective when small quantities of other materials called promoters are mixed with the iron.

The table below shows the effect of promoters on the iron catalyst in the Haber process at a temperature of 400oC and a pressure of 200 atm.

	Catalyst
	Promoter 
	% ammonia in exit gases

	Iron 
	None
	3 – 5 

	Iron
	K2O
	8 – 9

	Iron
	K2O  + Al2O3
	13 – 14 


A more effective catalyst means that lower temperatures can be used to achieve the same rate, with the result that the equilibrium yield can be increased.  Alternatively a lower pressure could be used so making the process less expensive and safer.  

The chemical industry takes various steps to make reactions more efficient, so saving resources and preventing wastage, thereby making them more sustainable.
For example in the Haber process, with an exothermic reaction, the gases emerging form the reactor are cooled.  Incoming gases can be used to do this, which saves energy as these gases do not need to be heated using fossil fuels.

The Haber process has been used as an example of how conditions can be selected to control the reaction and how the process can be made more efficient.  These are applicable to the whole chemical industry. 

In general the chemical industry chooses conditions for a process which makes that process safe and economically effective.

Another way in which the creation of a product can be made more efficient is to choose an alternative reaction with improved atom economy. 

Acid Base Equilibria
Introduction

Acids occur in natural systems.  Citric acid is produced by a number of plants in their fruit.  Early investigations of acids found them to have a sour taste.  In the nineteenth century a Swedish chemistry by the name of Arrhenius suggested that acid were substances that dissolved in water forming hydrogen ions, H+.  For example in hydrochloric acid, the dissolved hydrogen chloride undergoes the following reaction:



HCl     (    H+  +  Cl-
Arrhenius also proposed that strong acid were fully dissociated into ions, but that weak acids were only partially dissociated.

As knowledge of atomic structure grew, it was understood that a hydrogen ions was simply a proton, and that it was unlikely that protons would exist independently in solution.  Consequently it was proposed that the hydrogen ions join with water molecules in solution to form the hydroxonium ion, H3O+.  So the reaction taking place when hydrogen chloride dissolves should be written:


HCl  +  H2O    (    H3O+  +  Cl-
This idea was taken further in the Bronstead Lowry theory of acids.
The Bronstead-Lowry Theory

When hydrogen bromide is dissolved in water, it forms an acid as the following reaction takes place:



HBr  +  H2O    
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   H3O+  +  Br-
In this reaction the hydrogen bromide transfers a proton to a water molecule.  The Bronstead-Lowry theory uses this idea to form a more general theory of acids.  
According to Bronstead-Lowry;
An acid is a proton donor     

        and    
A base is a proton acceptor.

So in the reaction between hydrogen bromide and water the HBr donates a proton to the water, so the HBr is the acid and the water is acting as a base.

Examples;
HNO3  +  H2O
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    H3O+  +  NO3-


 HCN  +  H2O
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    H3O+  +  CN-

    CH3CO2H   +  H2O
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    H3O+  + CH3CO2-


  NH3  +  H2O 
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    NH4+  +  OH-


CO32-  +  H2O 
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  HCO3-  +  OH-
These reactions can be regarded as equilibrium.  In the reverse reaction the proton moves back in the other direction, so the right hand side of the equation also has a proton donor and a proton acceptor (or acid and base).  
The proton donor and proton acceptor on the right hand side of the equation are called the conjugate acid and conjugate base.  
So

HBr     +     H2O     
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         H3O+     +     Br-


        ACID          BASE
        CONJ          CONJ

                                                                               ACID           BASE


Examples 
       ACID          BASE
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      Conjugate       Conjugate  
                                                                               ACID                BASE


  CH3CO2H   +    H2O        
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        H3O+      +       CH3CO2-
        H2O      +    NH3        
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         NH4+     +           OH-
                    H2O      +   CO32-       
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    HCO3-   +           OH-
The pH concept
Since it is the hydroxonium ion, H3O+, that causes a material to be acidic, the higher the concentration of this ion, the greater the acidity.  
The concentration of this ion is measured on the pH scale.  
This is a log scale defined as follows;
                                pH  = -log[H+]

For a strong acid, it is assumed that all the molecules form H+ ions.

Find the pH of 

(a) 0.1 mol dm-3 HCl

-log 0.1 = 1
(b) 0.01 mol dm-3 HNO3

-log 0.01 = 2    
(c) 0.2 mol dm-3 HCl

-log 0.2 = 0.7
(d) 0.001 mol dm-3  HI

-log 0.001 = 3
Note – For strong acids a 10 fold ditultion (0.1 mol dm-3 to 0.01 mol dm-3) results in a pH change of 1 unit.
Some acids, such as sulphuric are dibasic; this means they can release two hydrogen ions from each molecule.  So a 1 mol dm-3  solution of H2SO4 actually has a hydrogen ion concentration of 2 mol dm-3.

Find the pH of 

(e) 0.1 mol dm-3 H2SO4
[H+] = 0.2 mol dm-3  
pH = -log 0.2 = 0.7
(f) 0.01 mol dm-3 H2SO4
[H+] = 0.02 mol dm-3  
pH = -log 0.02 = 1.7
Note – Once again a 10 fold ditultion (0.2 mol dm-3 to 0.02 mol dm-3) results in a pH change of 1 unit. Sulphuric acid is therefore a strong acid)
  As a log scale the pH changes by one unit each time the concentration changes by 10 times. 
	Concentration of H3O+ in moldm-3
	pH

	1
	0

	1x10-1
	1

	1x10-2
	2

	1x10-3
	3

	1x10-4
	4

	1x10-5
	5

	1x10-6
	6

	1x10-7
	7

	1x10-8
	8

	1x10-9
	9

	1x10-10
	10

	1x10-11
	11

	1x10-12
	12

	1x10-13
	13

	1x10-14
	14


The dissociation constant (ionic  product) Kw,  for water.  

Water molecules dissociate       H2O +     H2O      
 EMBED Word.Picture.8  

        H3O+     +     OH- 

and the concentration of H3O+ ions at 25oC is 1 x 10-7 mol dm-3, that is pH 7, and this is taken as neutral.

This equilibrium exists in any solution in water.  
If the material is an acid and increases the H3O+ concentration, the concentration of OH- decreases correspondingly, so that when the H3O+ concentration is multiplied by the OH- concentration the same value is always obtained.

In water the concentration of H3O+ and OH- are both 1 x 10-7 mol dm-3.

So when the two are multiplied     1 x 10-7  x  1 x 10-7   =   1 x 10-14 mol2 dm-6
This value is always the same for any solution in water.  
It is called the water dissociation constant, Kw.
Kw allows us to find the concentration of H3O+ in alkalis and consequently to calculate their pH.




Kw  =  [H3O+] x [OH-] = 1 x 10-14 mol2 dm-6

             And   [H3O+]   =  

So for sodium hydroxide solution of concentration 0.01moldm-3 




[H3O+]   =                                =  1 x 10-12


pH  =  -log(1 x 10-12)    =   12

Examples

1. For potassium hydroxide solution of concentration 0.2 mol dm-3.


[H3O+]   =                               =  5 x 10-14

pH = -log 5 x 10-14  = 13.3
2. For sodium hydroxide solution of concentration 0.05 mol dm-3.

[H3O+]   =                               =  2 x 10-13
pH = -log 2 x 10-13  = 12.7
Strong and weak acids and bases
The acidity of a solution is measured using the pH scale.  
If the same concentration of hydrochloric acid and ethanoic acid were taken, they would not have the same pH value.  This is because the hydrochloric acid dissociates (splits up) completely into H3O+ and  Cl- ions, whereas only a small fraction of ethanoic acid molecules dissociate.  
When an acid is fully or near fully dissociated, it is said to be a strong acid, but one which is only slightly dissociated is said to be a weak acid.  This should not be confused with concentration of the acid.

The same idea applies to bases. A strong base is one in which the particles dissociate completely to form hydroxide ions.

	Solution
	Concentration of solution   / moldm-3
	Concentration of H3O+   / moldm-3
	pH

	Hydrochloric acid
	0.1
	0.1
	1

	Ethanoic acid
	0.1
	0.0013
	2.9

	Hydrofluoric acid
	0.1
	0.024
	1.6

	Hydrocyanic acid
	0.1
	0.00002
	4.7


Enthalpy of Neutralisation                                                                                
When an acid is added to an alkali, there is a temperature change.  This is due to the energy produced from the reaction;   H+     + OH-    (    H2O the enthalpy for this reaction is -57.3kJ mol-1.      

So whenever a strong acid and a strong base are added together this is the enthalpy change for the reaction.  With a weak acid or base the enthalpy change for the reaction is less exothermic than this, as some energy is used in dissociating the acid.

Standard Molar Enthalpy of Neutralisation (Hn) is the enthalpy change per mole of water formed in the neutralisation of an acid by an alkali, (298K and 1 atm).

Examples

Reaction                                                     Enthalpy change  /kJmol-1
Nitric acid + sodium hydroxide                            -57.3

Hydrochloric acid + ammonia                              -52.2      Energy used to dissociate NH3

Ethanoic acid + sodium hydroxide                       -55.2     Energy used to dissociate CH3CO2H
Hydrocyanic acid + ammonia                                -5.4      Energy used to dissociate HCN and NH3
Acid dissociation constant Ka
We have seen that a strong acid, such as hydrochloric, is one which is fully dissociated.  
The greater the dissociation, the stronger the acid.  The amount of dissociation, and therefore an indication of the strength of an acid, is measured using the dissociation constant.

The dissociation of an acid is an equilibrium process, and the dissociation constant is derived from the equilibrium constant. 

The equilibrium expression for the dissociation of acid, HA, is:




HA  +  H2O     
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     H3O+  +  A-           


The equilibrium constant is





Kc =

In a dilute solution the concentration of the water is not going to change significantly during the dissociation process, and so for these reactions it can be taken as constant.  
So;

This new constant is the acid dissociation constant, Ka
Ka = 
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The lower of the acid dissociation constant, Ka, the weaker the acid.

This equation can then be used to find the pH of a weak acid.

Calculating the pH of a weak acid

The acid dissociation expression can be rearranged:



     Ka [HA] =  [H3O+] [A-]

Since every molecule of HA gives one A- ion and one H3O+ ion, there must be equal numbers of the two ions in any solution, and so [H3O+]  is equal to [ A–].
        Since [H3O+] = [A-], then
                                   Ka [HA] =  [H3O+]2

       So


[H3O+]    = 
[image: image20.wmf][HA]

 

Ka


From the [H3O+] the pH can be found;

pH = -log [H3O+]  = - log     Ka [HA]

All these calculations assume that;

i) because it is a weak acid and only partially dissociated, that the [HA] does not change significantly on dissociation. 
ii) There are no extra H3O+ ions produced from the water in the acid.
Examples

Find the pH of the following solutions of ethanoic acid.  
Ethanoic acid has a Ka value of 1.75 x 10-5 mol dm-3
(a) 1 mol dm-3
[H3O+]  =      1 x 1.75 x 10-5        = 4.18 x 10-3 moldm-3




pH = - log 4.18 x 10-3 = 2.38

(b) 2 mol dm-3
[H3O+]  =      2 x 1.75 x 10-5        = 5.92 x 10-3 moldm-3




pH = - log 5.92 x 10-3 = 2.23

(c) 0.1 mol dm-3
[H3O+]  =      0.1 x 1.75 x 10-5        = 1.32 x 10-3 moldm-3




pH = - log 1.32x 10-3 = 2.88

(d) 0.2 mol dm-3
[H3O+]  =      0.2 x 1.75 x 10-5        = 1.87x 10-3 moldm-3




pH = - log 1.87 x 10-3 = 2.73

It is possible to find the Ka value of an acid by finding the pH of a solution of known concentration.

Example

(a) Nitrous acid of concentration 0.1 mol dm-3  has a pH of 2.17.  
Calculate its Ka value.

[H3O+]  = 10-2.17 = 6.76 x10-3 moldm-3

  
(b) Bromic(I) acid of concentration 1.0 moldm-3  has a pH of 4.35.  
Calculate its Ka value.

[H3O+]  = 10-4.35 = 4.47 x10-5 moldm-3


(c) Hydrofluoric acid of concentration 0.2 moldm-3  has a pH of 1.97.  
Calculate its Ka value.

[H3O+]  = 10-1.97 = 0.0107 moldm-3


Dilution of Strong and Weak Acids
Since strong acid are fully dissociated, as they are diluted, the hydrogen ions concentration falls in line with the dilution factor.  For each dilution of 10x, the pH increases by 1 unit.
Weak acids are in equilibrium however, and so as they are diluted, some of the undissociated acid molecules split up, so the pH does not increase as fast as it does with the strong acid.  
For each dilution of 10x, the pH increases by 0.5 unit, and for each dilution of 100x, the pH increases by 1 unit.

The table below shows how pH changes as an acid is diluted.

	Dilution factor
	Concentration of acid /moldm-3
	pH of strong acid (monobasic)
	pH of weak acid (monobasic)

	0
	0.1
	1
	2.88

	10x
	0.01
	2
	3.38

	100x
	0.001
	3
	3.88

	1000x
	0.0001
	4
	4.38


pKa and pKw values

Ka and Kw quantities are normally very small inconvenient numbers.  
e.g. Ka for ethanoic acid is about 10-5 mol dm-3 and Kw is about 10-14 mol2dm-6.  

pKa and pKw give more convenient numbers in the same way that pH values are easier than hydrogen ion concentrations.


pKa = -logKa
pKw = -logKw
Examples - Find pKa values for;
(a) Ethanoic acid

pKa = -log 1.75 x 10-5  = 4.76
(b) Nitrous acid

pKa = -log4.57 x 10-4  = 3.34
(c) Bromic(I) acid

pKa = -log 2.00 x 10-9  = 8.70
The value of pKw at room temperature is 14.
Notice that the smaller the pKa value, the larger the Ka value and the stronger the acid

Acid-base titrations
An acid/base titration is a procedure used in quantitative chemical analysis, in order to determine the concentration of either an acid or a base.

Generally, an alkaline solution of unknown concentration, and of known volume, is added to a conical flask, by means of a 25.0 cm3 pipette. An acid of known concentration is then added to the conical flask using a burette, until the equivalence point is reached, i.e. when the stoichiometric amount of acid has been added to the base, this is when all the alkali has been neutralised and there is no excess acid or alkali present in the solution, this is called the equivalence point.
Normally, a visual indicator is used in order to help determine the equivalence point by noticing the exact point at which the colour of the solution changes. The point when the colour changes is the end point of the titration. 

If the indicator is chosen correctly the end point and the equivalence point are the same.  

A pH meter, or conductimetric method, can also be used to determine the equivalence point in an acid/base titration. 

pH curves for titrations

The characteristic shapes of these curves for the various strong/weak acid/base combinations are shown below, for 10 cm3 of 0.10 mol dm–3 acid against 0.10 mol dm–3 base.











· On the left, for HCl/NaOH, the pH starts at 1, and the curve is almost horizontal up to the endpoint. 

· Then it rises sharply (end-point = middle of vertical section = about 7) and quickly flattens out again, heading towards pH=13. 

· Of the two most common indicators, methyl orange changes colour from about 3.5-5.0 (vertical line to left) and phenolphthalein from about 8.5-10: either is suitable as it changes completely over the vertical section around 10 cm3.

· On the right, for CH3COOH/NaOH, the curve starts higher at 2.9 since the acid is weak, then over the buffer region it rises slowly. 

· The end-point is around pH=8.5,then the latter part of the curve is similar to the first one. 

· Only phenolphthalein is suitable to detect the endpoint: methyl orange would change very slowly over the buffer region.










· On the left, strong acid against weak base can be titrated using methyl orange.
· While, on the right the weak acid and base give no sharp endpoint and there is no suitable indicator. 

Summary:

· using a weak base, like ammonia, phenolphthalein is unsuitable because it doesn’t start to change until after the endpoint.

· using a weak acid, like ethanoic acid, methyl orange is unsuitable because it changes steadily, and change is complete before the endpoint.
Determining pKa and Ka from titration curves

When a weak acid is titrated with a strong base, the following curve is obtained.







· pKa = pH at half neutralization

· Ka = antilog - pKa


e.g. For ethanoic acid    pH at half neutralization is 4.8.


Ka = antilog -pH = antilog -4.8 = 1.58 x 10-5 mol dm-3
Choice of indicator from pKIn values

Sodium ethanoate is the salt formed from ethanoic acid – a weak acid, and sodium hydroxide – a strong base.  When it is placed in water it splits up completely into ions.  Some water molecules also are dissociated, so the solution contains Na+, CH3CO2-, H+ and OH-.

Ethanoate ions and hydrogen ions tend to join to form undissociated ethanoic acid, leaving an excess of hydroxide ions.





This means that a solution of sodium ethanoate isin fact alkaline.  
This is the case for any salt made from a weak acid and a strong base.  
In the same way a salt made from a strong acid and a weak base is acidic in solution.  
This means that at the point of neutralisation the pH is not 7.

When carrying out titrations using weak acid and strong base an appropriate indicator must be selected.

	Titration
	Indicator

	Strong acid + strong alkali
	Bromothymol blue 

	Weak acid + strong alkali
	Phenolphthalein

	Strong acid + weak alkali
	Methyl orange


In a titration, when the moles of acid and moles of alkali are exactly the same, it is said to be at the equivalence point.  The point at which the indicator changes colour is the end point.  
It is clearly important that for a particular titration the end point should be the same as the equivalence point.

An indicator is in fact a weak acid, HIn.  Like other weak acids, it dissociates, so it forms H+ and In- ions.  The HIn will be one colour and the In- will be a different colour.





HIn       
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          H+  +  In-
                                            Colour 1                       Colour 2
In an acid solution, the high concentration of H+ will cause the equilibrium to move to the left, and so it will be colour 1.  
When in alkali solution, the H+ will be removed and the equilibrium will shift to the right and become colour 2.

When the amount of Hin and are exactly balanced the colour will be in between the two colours.  One drop of acid or alkali, and the equivalence point should be able to change the colour of the indicator.
The end point for a particular indicator can be found.

As a weak acid, the Ka, or KIn expression can be written





KIn  =

At the end point, [In-]  =  [HIn],     so [In-] / [HIn]  = 1

                    And   [H+]  = KIn


-log [H+]  = -log KIn


pH  = pKIn
So the end point for any indicator takes place at a pH equal to its PkIn value.

To choose an indicator the pKIn value must be in the right pH range for the titration being done. 

e.g. methyl orange pKIn = 5.1 for pH range 4.2 - 6.3 (pKIn + or - one pH unit) 


· Strong acid and strong base - any indicator. 

· Strong acid and weak base - low pH range 3.1- 4.4 e.g. methyl orange. 

· Weak acid and strong base - high pH range 8.3 - 10.0 e.g. phenolphthalein. 

· Weak acid and weak base - narrow pH range, very hard choice. 

In each case pKIn must be matched to pH at equivalence point of titration. 

End point = mid way between 2 colours of indicator (a property of the indicator). 

Equivalence point = when the stoichiometric amounts of acid and alkali have been added. 

End point and equivalence point must coincide for an effective titration.

Colours:

· Phenolphthalein: colourless from 1 to 8.5, turns pink from 8.5 to 10, remains pink above 10.

· Methyl orange: red from 1 to 3.5, then changes from red through orange to yellow between 3.5 and 5.0; yellow from 5.0 to 14.

Buffer Solutions

A buffer solution contains a weak acid or weak base and one of its salts.  
It resists dramatic changes in pH if small quantities of acid or alkali is added to it.

Examples; 


(i) a weak acid with its sodium salt (or similar) e.g. ethanoic acid and sodium ethanoate, giving high concentrations of CH3COOH molecules and CH3COO– ions.

(ii) a weak base with one of its salts e.g. ammonia and ammonium chloride, giving high concentrations of NH3 molecules and NH4+ ions.

Considering the dissociation of ethanoic acid, in the buffer we have deliberately made the concentrations of CH3COOH molecules and CH3COO– ions large, and this determines the concentration of H+ ions, and so the pH.
CH3COOH

 EMBED Word.Picture.8  

    H+  +  CH3COO–

· When a little additional strong acid is added, most of the H+ ions react with some of the ethanoate to form ethanoic acid:

H+  +  CH3COO–   (     CH3COOH

· Therefore the concentration of H+ in the solution only rises slightly, and there is a very small drop in pH. Although the [CH3COO–] decreases, it only does so by a small amount compared to the size of the reservoir of CH3COO– in the buffer, so the pH remains relatively constant. 

· Conversely, if some alkali is added, most of the OH– ions react with CH3COOH molecules:

OH–   +  CH3COOH
  (    H2O   +  CH3COO–

· This time the H+ doesn’t fall by nearly as much as expected, and the pH remains relatively constant. Although the [CH3COO–] increases, it only does so by a small amount compared to the size of the reservoir of CH3COO– in the buffer.
In the NH3/NH4Cl buffer, the NH3 reacts with H+, and the ammonium ions react with OH–:

H+    +      NH3   (   NH4+

OH–   +      NH4+  (   H2O   +   NH3
Buffered solutions do change in pH upon addition of H+ or OH- ions. 
However, the change is much less than that would occur if no buffer were present.  

Calculating the pH of a buffer solution

(i)  What is the pH of a buffer solution containing 0.500 mol dm–3 sodium ethanoate and 
       0.800 mol dm–3 ethanoic acid (Ka = 1.74 × 10–5 mol dm–3)?
In a buffer made up from a mixture of HA and NaA, it is a very good approximation that all of the acid HA will be undissociated, and all the A– will come from the salt:


[HA] = conc. of acid;  [A–] = conc. of salt
Then: 
Ka = 
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 =  1.74 × 10–5 mol dm–3

from which   
[H+] =  2.78 × 10–5 mol dm–3, and pH = 4.56

In the alternative method, the Henderson-Hasselbach equation is derived as follows from the dissociation constant expression for the weak acid used in the buffer (representing the acid as HA): 



Ka = 
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Taking logs gives
log Ka 
= 
log[H+] +   log 
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and so                  
–log Ka 
=  –log[H+] –   log 
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or     

  pKa 
=     pH       –   log 
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from which  

   pH
=     pKa     +    log 
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Since the acid is weak it is present almost entirely in the form of molecules,  and virtually all the A– comes from the salt present; so, to a good approximation, [A–] is the same as the concentration of the salt and  [HA] is the same as the concentration of the acid, giving


pH =  pKa  +  log 
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from which it is clear that if the concentration of salt is equal to the concentration of acid, the pH of the buffer is equal to pKa for the acid.  

Examples using pKa:  

(ii)  What is the pH of the solution obtained when  41g of sodium ethanoate is dissolved in 1dm3 of 0.800 mol dm–3 ethanoic acid (pKa = 4.76)?

Molar mass of CH3COONa 
  = 82 g mol–1


Amount of CH3COONa in 41g = 
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= 0.500 mol;  conc. = 0.500 mol dm–3

pH
=   pKa   +   log 
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=   4.76  +   log
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=  4.56
(ii) What is the pH of the buffer solution obtained when 100 cm3 of 0.100 mol dm–3 ethanoic acid is mixed with 20cm3 of 0.300 mol dm3 sodium ethanoate solution?


Amount of ethanoic acid 
= 
[image: image32.wmf]1000
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Amount of sodium ethanoate
=  
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pH
=   pKa  +   log 
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=  4.54

Buffering Biological Systems

In order to work effectively blood needs to be at a pH of 7.4.  This pH is maintained by a number of buffering systems including plasma, proteins, haemoglobin and carbonate/hydrogencarbonate conjugate acid-base pairs.  

The proteins are able to act as buffers because of the amine and carboxylic acid side chains of the amino acids composing them.

The carbonate/hydrogencarbonate conjugate acid-base pairs buffer the blood by the equilibrium: 


H2CO3(aq)     
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     HCO3-(aq)  +  H+(aq)
If the pH of the blood drops, as H+ increases, this equilibrium shifts to the left reducing the H+ again and consequently raising the blood pH.  On its own this equilibrium would be of limited value as the increasing level of H2CO3 would mean that the movement to the left would stop, but there is a second equilibrium involving the H2CO3:

H2CO3(aq)     
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      CO2(aq)  +  H2O(l)
At the level of H2CO3 increases it produces carbon dioxide which is then removed by gas exchange in the lungs.

If the pH of the blood increases, as H+ decreases, the H2CO3(aq)/HCO3-(aq) equilibrium shifts to the right increasing the H+  again and consequently lowering the blood pH.   

Chirality, Carbonyls and Carboxylic Acids

Questions on this unit may include material from UNIT 2 – see syllabus

Isomerism

Structural isomerism. Structural isomerism was dealt with in UNIT 2.

All isomers are compounds with the same molecular formula. e.g. C4H10 or C2H6O.  
Structural isomers have atoms arranged in different orders.  They have similar bpt's.  


e.g. 
CH3CH2CH2CH3 (butane) and CH3CH(CH3)CH3  (2-methylpropane)  


CH3CH2OH (ethanol)   and  CH3OCH3 (methoxymethane)

Stereoisomerism.

Stereoisomers have the same molecular formula and the same structural formula.  
The same atoms are arranged in the same order but with different orientations in space.  
Geometric, cis-trans, or E-Z isomerism - also dealt with in UNIT 2 - is one form of stereoisomerism.  
Another form is optical isomerism.

Chirality

Chirality leads to optical isomerism.  Optical isomerism occurs when two compounds have the same molecular formula, but are not superimposable on each other.  
If a compound contains a carbon atom bonded to four different groups or atoms, it can exist in two forms which are mirror images of each other.


Example CH3CH(OH)CO2H

CH3CH(OH)CO2H

The two isomers affect polarised light by rotating the plane of polarisation of plane polarised monochromatic light in opposite directions; this is where the term "optical" comes from. 

Optical isomers differ only in the extent to which they rotate the plane of polarised monochromatic light.  Optical isomers exist in two forms called enantiomers. The dextrorotatory (+) form rotates light to the right (clockwise) but the laevorotatory (-) rotates light to the left.  

A sample of an optically active substance may contain both optically active isomers.  

An equimolar mixture does not rotate light at all as equal and opposite rotations cancel.  This optically inactive mixture is called the racemic mixture or racemate.
The carbon atom with four different groups around it (the chiral centre) is said to be assymetric. The two mirror image molecules are said to be chiral. 

Carbonyl Compounds

Introduction

Carbonyl compounds contain the C=O group.

When this group occurs at the end of a carbon chain, the compound is an aldehyde (RCHO), the name ending in –al.  When group occurs within the carbon chain, the compound is a ketone (RCOR1), the name ending in –one.






The carbonyl group in polar because of the electronegative oxygen atom.

The geometry around the carbonyl group is planar, with bond angles of about 120o. 

Physical Properties

Carbonyl compounds are much more volatile than the corresponding alcohol because, unlike alcohols, they do not have any hydrogen bonding.  They are less volatile than an alkane of similar formula mass because of the polarity of the molecules.

	Compound
	Formula
	Formula mass
	Boiling point /oC

	Propane 
	C3H8
	44
	-42

	Ethanal 
	CH3CHO
	44
	20

	Ethanol 
	C2H5OH
	46
	78


Although carbonyl compounds do not have a hydrogen which is directly connected to the oxygen, and therefore they have no hydrogen bonding, when placed in water the oxygen in the carbonyl is able to form a hydrogen bond with the hydrogen in the water molecules.  This makes the carbonyl compounds, especially those with short carbon chains, very soluble in Water. 

Chemical Properties

Aldehydes and ketones are both attacked by nucleophiles, and can both be reduced to alcohols. However, only aldehydes can be readily oxidised, and this is the basis for tests to distinguish between them.

Aldehydes and ketones are obtained by oxidation of primary and secondary alcohols, respectively.

The test for a carbonyl group.
All carbonyl compounds react with 2,4-dinitrophenylhydrazine (Brady's reagent).  
When a solution of 2,4-dinitrophenylhydrazine is added to a carbonyl, a reaction takes place at room temperature producing orange crystals.  
This is used as the test for the presence of the carbonyl group. 

Ethanal and 2,4-dinitrophenylhydrazine


Propanone and  2,4-dinitrophenylhydrazine


Propanal and 2,4-dinitrophenylhydrazine


Oxidation

Aldehydes are reducing compounds and can react with some oxidising agents.  
Since ketone cannot be oxidised, they do not take part in oxidation reactions.  
This is used as a test for distinguishing between aldehydes and ketones.

Aldehydes will react when heated with ammoniacal silver nitrate solution (Tollen's reagent).  
This is a reaction in which the aldehyde is oxidised, and the silver ions are reduced to silver.  When carried out in a clean test tube it forms a silver mirror.

 RCHO(aq) + Ag(NH3)2+(aq) + H2O  ( RCOOH(aq)  +  Ag(s) +  2NH4+(aq)  









      Silver mirror
Aldehydes will also react with other oxidizing agents.  These tests are summarized below;
	Oxidising agent
	Conditions
	Result for aldehyde

	Tollen’s reagent 
	Heat aldehyde with ammoniacal silver nitrate
	Silver mirror forms

	Fehling’s solution
	Heat aldehyde with Fehling’s solution
	Turns from a blue solution to form a red precipitate

	Dichromate solution
	Heat aldehyde with a mixture of potassium dichromate solution and sulphuric acid 
	Turns from an orange solution to a green solution



Aldehydes with Fehling’s solution (oxidation)
Aldehydes (but not ketones) reduce Cu2+ to Cu+ giving a red brown precipitate of copper (I) oxide in this test.  

Drops of the carbonyl compound are added to equal volumes of Fehling's solutions A and B.  
The mixture is warmed in a water bath. (oxidation)
RCHO(aq) + 2Cu2+(aq) + 2H2O(l) ( RCOOH(aq) + 4H+(aq) +Cu2O(s)
Reduction

Carbonyl compounds are formed by oxidation of alcohols.  
The reverse of this process, reduction, converts carbonyls back into alcohols[*].  
This reduction can be carried out by reducing agents such as lithium tetrahydridoaluminate(III) (lithium aluminium hydride} with dry ether as a solvent or sodium tetrahydridoborate(III) (sodium borohydride} in water.
Note - In equations showing reduction the reducing agent is written as [H].
e.g.
The reduction of propanal to propan-1-ol.
CH3CH2CHO  +  2[H]   (    CH3CH2CH2OH

The reduction of propanone to propan-2-ol.
CH3COCH3  +  2[H]     (    CH3CH(OH)CH3  
Nucleophilic addition

Carbonyl compounds with the C=O group, can undergo addition reactions.  
In this case the attack is by a nucleophile being drawn to the molecule by the partial positive charge on the carbon.  Hydrogen cyanide will add on across the C=O bond.  

To carry out this reaction, a mixture of potassium cyanide and ethanoic acid is used to avoid use of the very poisonous hydrogen cyanide.  These reactions take place at room temperature with the mixture buffered at pH 8.  

Ethanal and HCN
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Propanone and HCN
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Reaction mechanism

In this reaction the initial attack is by the cyanide ion.  The cyanide ion is a nucleophile which is attracted to the partial positive charge on the carbonyl carbon created by the electronegative oxygen.

The reaction has to be carried out in slightly basic conditions, so the mixture is buffered at pH8.  This is to allow the formation of the cyanide ion from the hydrogen cyanide.

HCN     
 EMBED Word.Picture.8  

     H+  +  CN- 
If the pH is lower than 8, the dissociation of the HCN lies too far to the left and so the concentration of CN- is too low for the first step to take place.  
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If the pH is higher than 8, the concentration of H+ ions is too low for the second stage of the mechanism to take place.

Reaction of iodine in alkali

Iodine in alkali reacts with a specific group, CH3COR to produce a yellow precipitate of CI3H.   RCO2 is also formed in this reaction.  
This is used as a test for the presence of the CH3COR group. 

(Ethanal, ethanol or any methyl ketone can react in this reaction).  

The iodine present in the testing reagent can oxidise alcohols, and so CH3CHOHR will initially form CH3COR this will then react to give the yellow crystals.  The old name for these crystals of triiodomethane is iodoform, and this reaction is often referred to as the iodoform reaction.

The test is carried out by adding aqueous sodium hydroxide to iodine solution until the mixture just turns colourless. The organic material is then added, and the mixture is warmed.

CH3COR and CH3CHOHR give a positive iodoform reaction (where R can be a carbon chain or hydrogen).

Which of the following will give a positive iodoform reaction?


CH3CH2CHO 

No

CH3CH2COCH3
Yes

CH3CHOHCH3

Yes

       HCHO

No
Carboxylic acids
Introduction

Carboxylic acids are compounds containing the carboxyl group, CO2H, which consists of the C=O group and the OH group on the same carbon.  
The name carboxyl comes from a combination of the names of these functional groups;


Carbonyl + hydroxyl  =  Carboxyl






Physical Properties

The Carboxyl carbon contains two oxygen atoms both of which are electronegative leaving the carbon with a partial positive charge.  This allows carboxylic acids to form stronger hydrogen than alcohols, and they therefore have higher boiling pints than alcohols of similar formula mass.  
	Compound
	Formula
	RFM
	Boiling point /oC

	Propanol
	CH3CH2CH2OH
	60
	97

	Ethanoic acid 
	CH3CO2H
	60
	118


The structure of the carboxyl group allows carboxylic acid to form dimers


Ethanoic acid has a melting temperature of 17oC, so if the temperature falls below this it freezes, and the similarity of frozen ethanoic acid to ice has given the pure acid the common name of glacial ethanoic acid.

The ability of carboxylic acids to form hydrogen bonds means that the lower members of the homologous series (those with up to 4 carbon atoms) are miscible in all proportions with water.  The longer the carbon chain, the less soluble in water the carboxylic acid becomes.

Preparation of carboxylic acids
Carboxylic acids can be prepared by 
· Oxidation of primary alcohols

· Oxidation of aldehydes

· Hydrolysis of nitriles

Preparation from primary alcohols

When a primary alcohol is heated under reflux with potassium dichromate and sulphuric acid a carboxylic acid is produced.


RCH2OH  +  2[O]      (     RCO2H  +  H2O
Preparation from aldehydes

When an aldehyde is heated under reflux with potassium dichromate and sulphuric acid a carboxylic acid is produced.


RCHO  +  [O]       (      RCO2H 

Preparation from nitriles
Carboxylic acids can be formed by hydrolysis of nitrile (RCN) compounds. 
The hydrolysis can be carried out by heating the nitrile with acid or alkali.
Hydrolysis using dilute hydrochloric acid.


RCN  +  2H2O  +  HCl      (      RCO2H  +  NH4Cl

Hydrolysis using aqueous sodium hydroxide produces the salt of the carboxylic acid.
RCN  +  H2O  +  NaOH    (     RCO2Na  +  NH3
The acid can be obtained from the salt by adding a strong acid.


     RCO2Na  +  HCl         (      RCO2H  +  NaCl

Chemical Properties

Reduction
Carboxylic acids are formed by the oxidation of primary alcohols, and can be converted back to these compounds using lithium tetrahydridoaluminate(III) (lithium aluminium hydride} as a reducing agent. The acid is treated with lithium aluminium hydride in ether, followed by the addition of water.

e.g. Reduction of propanoic acid.
CH3CH2CO2H  +  4[H]     (    CH3CH2CH2OH  +  H2O
       Reduction of methanoic acid.
           HCO2H  +  4[H]    (         CH3OH  +  H2O
Reaction with alcohols
Carboxylic acids react with alcohols in the presence of concentrated sulphuric acid to form water and an ester. The carboxylic acid is mixed with alcohol and concentrated sulphuric acid is added.  The mixture is then warmed.

                   RCOOH   +    R*OH      (       RCOOR*  +  H2O

e.g.
Propanoic acid + ethanol   CH3CH2CO2H  + CH3CH2OH   (  CH3CH2COOCH2CH3  +  H2O









     Ethyl propanoate
Esters are named from the alkyl group of the alcohol and the –oate from the carboxylic acid.
The esters formed contain the ester functional group or ester link. This has the structure shown below.

RCOOH   +   R*OH     (      RCOOR*  +  H2O



Esters have characteristic odours, which makes them useful for flavouring.  Pear drops and pineapple flavourings are derived from the appropriate ester.  Esters are also useful as solvents.

Reaction with phosphorus pentachloride

The -OH group in the acid will react with halogenating reagents, such as phosphorus pentachloride in the same way as the OH group in alcohols. These reactions occur at room temperature.
The organic product of these reactions are acyl chlorides (or acid chlorides). This functional group has the structure shown below.


Ethanoic acid reacts with phosphorus pentachloride to produce ethanoyl chloride.
CH3CO2H  +   PCl5       (       CH3COCl  +  HCl  +  POCl3                                        

                              Ethanoyl chloride

Propanoic acid reacts with phosphorus pentachloride to produce propanoyl chloride.


CH3CH2CO2H  +  PCl5     (     CH3CH2COCl  +  HCl  +  POCl3                            

                                                        Propanoyl chloride
Neutralisation reactions
Carboxylic acids react with alkalis, carbonates and hydrogencarbonates to form salts.
Reaction with sodium hydroxide         RCO2H  +  NaOH      (       RCO2-Na+  +  H2O 
Reaction with sodium carbonate.
    2RCO2H  +  Na2CO3    (  2RCO2-Na+  +  H2O  +  CO2
Reaction with sodium hydrogencarbonate





      RCO2H  +  NaHCO3   (
RCO2-Na+   +  H2O  +  CO2
Such reactions, using titration with a known concentration of alkali and appropriate indicator, can be used to determine the quantity of acid present.  For example this technique can be used to find the quantity of citric acid in fruit.
Derivatives of Carboxylic acids

Organic compounds made from carboxylic acids are called derivatives of carboxylic acids.

This includes acyl chlorides and esters.

Esters

The ester functional group is


Esters can be hydrolysed by boiling with acid or alkali.  
When hydrolysed by acid, the alcohol and the carboxylic acid are reformed. 
This is a reversible reaction, so does not go to completion.


R1COOR2  +  H2O     
 EMBED Word.Picture.8  

      R1CO2H  +  R2OH

When hydrolysed by an alkali, the alcohol and the salt of the carboxylic acid are formed.  
Since the carboxylic acid is not formed, this reaction can go to completion.  
Such a reaction is called saponification.

R1COOR2  +  NaOH    (      R1CO2-Na+   +  R2OH

e.g. Acid hydrolysis of CH3CH2CO2CH2CH3
CH3CH2CO2CH2CH3   +  H2O      
 EMBED Word.Picture.8  

     CH3CH2CO2H  +  CH3CH2OH

       Hydrolysis of CH3CH2CO2CH2CH3 by sodium hydroxide solution

CH3CH2CO2CH2CH3   +  NaOH     (    CH3CH2CO2-Na+    +  CH3CH2OH

        Acid hydrolysis of (CH3)3COCOCH3
      (CH3)3COCOCH3   +  H2O      
 EMBED Word.Picture.8  

    CH3CO2H  +  (CH3)3COH

        Hydrolysis of (CH3)3COCOCH3 by sodium hydroxide solution

      (CH3)3COCOCH3   +  NaOH    (    CH3CO2-Na+    +  (CH3)3COH

The reaction of natural esters with sodium hydroxide solution is used to make soap.

An animal fat is an ester formed from propan-1,2,3-triol and carboxylic acids with long chains.


CH2–O–CO–C17H35


     CH2–OH

       H–C–O–CO–C17H35              + 3KOH     (  H–C–OH       +   3 C17H35COO-K+


CH2–O–CO–C17H35


     CH2–OH

Animal fat



    glycerol        stearate salt = SOAP

The products on saponification are propan-1,2,3-triol and the salt of the carboxylic acid.  
The structure of the salt of the carboxylic acid is shown below.
  


The charges on the molecule give the useful properties of soap. The charged section is attracted to the polar water molecules – is hydrophilic. The hydrocarbon section is repelled by the water molecules – is hydrophobic.  The soap molecule can be pictured as like a tadpole with “hydrophilic head” and “hydrophobic tail”.




Polyesters

The reaction of an alcohol and a carboxylic acid to form an ester can be used to form polymers in which the monomers are joined by an ester link.  Such a polymer is called a polyester. This is an example of a condensation polymer in which monomers join by ejecting a small molecule (water in the case of a polyester).  

nHOCH2CH2OH  +  nHO2C-C6H4-CO2H     (    -(-CH2CH2-O-CO-C6H4-CO-O-)-n  +  nH2O
ethane-1,2-diol            benzene-1,4-                                   Terylene
                                   dicarboxylic acid

Transesterification
The burning of diesel oil from petroleum is not an environmentally sustainable method of providing energy.  An alternative is to use natural oils from plants that are renewable.  
Such oils will only partially combust in a normal diesel engine, and will therefore cause clogging of the engine.  Engines can be modified to burn this type of fuel.

An alternative is to convert the triglyceride in the fat or oil to a methyl ester. The methyl ester is more volatile and can be used in a normal diesel engine. The methyl ester can be formed in a process called transesterification.  
Most biodiesel is produced by base-catalysed transesterification
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Acyl chlorides
The acyl chloride functional group is


Acid chlorides are highly reactive compounds.  
They are readily hydrolysed at room temperature, and will fume in moist air due to this reaction. 

Important reactions of acyl chlorides are;
· Hydrolysis (reaction with water)
· Reaction with alcohols

· Reaction with concentrated ammonia

· Reaction with amines

Hydrolysis
In hydrolysis the acid chloride is converted to the carboxylic acid and HCl is produced.  
Reaction with water

RCOCl  +  H2O    (     RCO2H  +  HCl
Reaction with alcohols

They react with alcohols at room temperature to produce the ester.
  



RCOCl  +  R#OH  (    RCOOR#  +  HCl
Reaction with concentrated ammonia

They react with concentrated ammonia at room temperature to produce acid amides.




RCOCl  +  NH3     (   RCONH2  +  HCl
Reaction with amines
They react with amines at room temperature to produce secondary substituted amides.  
An amine is a a carbon chain attached to the NH2 functional group.




RCOCl  +  R#NH2   (  RCO-NH-R#
Spectroscopy and Chromatography
Introduction

Visible light is one very small part of the electromagnetic spectrum. The different properties of the various types of radiation depend upon their wavelength. The diagram below shows a crude illustration of the various types of radiation of relevance to chemists


In the Unit 2 section on Spectroscopy the use of infra red spectroscopy and mass spectroscopy in analysis were looked at.  The use of infra red spectroscopy to determine the extent of a reaction involving a change in functional group was also examined.  Knowledge and understanding of these aspects are included in this topic of Unit 4.

Nuclear Magnetic Resonance Spectroscopy

Hydrogen atoms can be detected using this sort of spectrometry.  
Any spinning charge generates a magnetic field, so the protons in a nucleus have a magnetic field.  If there are two protons in a nucleus they will have opposite spins so the magnetic fields cancel.  Nay nucleus with an even number of protons will have no overall magnetic field, but a nucleus with an odd number of protons will have a resultant magnetic field.  

When a nucleus with a resultant magnetic field is placed in a strong magnetic field it will align itself with that field.  





If the proton supplied with sufficient energy it can flip to a position opposing the external field.  The energy required to do this lies in the radio frequency region of the electromagnetic spectrum.



 





The actual energy required depends upon the exact environment on the proton. In nuclear magnetic resonance, NMR, spectroscopy a substance is placed in a strong magnetic field and subjected to a range of radio frequencies.  The point at which a particular radio frequency is absorbed will depend upon the environments of the protons present in that substance.   







The detector will show which radio frequencies are absorbed. The system is calibrated, usually using the compound tetramethylsilane, Si(CH3)4, as the 0 point and then other frequencies compared to this as shift values.  
Selected shift values are given in the table below.

	Hydrogen environment
	shift

	CH3-R
	0.9

	R-CH2-R
	1.3

	R3CH
	2.0

	-C=O-CH3-R
	2.3

	R-CH2-OH
	3.6

	ROH
	4.5

	-CHO
	9.5


NMR spectra.

The number of protons that can be found in each environment are given by area under the line and defined by the integration trace.  
A simplified nmr for propanal is shown below. 



High resolution NMR spectrum give further information about the proton environment.  










The effects are shown in the table below;
	a
	b
	Alignment  
	Number with this alignment

	(
	(
	2 against field
	1

	(
	(
	1 with field 1against field
	2

	(
	(
	1 with field 1against field
	

	(
	(
	2 with field
	1


This means that when looked at in high resolution the following pattern is seen



If there are three protons on the adjacent carbon
	a
	b
	c
	Alignment  
	Number with this alignment

	(
	(
	(
	3 against the field
	1

	(
	(
	(
	2 against the field 1 with the field
	3

	(
	(
	(
	2 against the field 1 with the field
	

	(
	(
	(
	2 against the field 1 with the field
	

	(
	(
	(
	1 against the field 2 with the field
	3

	(
	(
	(
	1 against the field 2 with the field
	

	(
	(
	(
	1 against the field 2 with the field
	

	(
	(
	(
	3 with the field
	1




Uses of NMR

Clearly NMR is important for chemical analysis.  It also has useful applications in medicine.

The principle of nuclear magnetic resonance is used in Magnetic Resonance Imaging, MRI, body scanners which detect the protons in water molecules in the body.  This process, unlike the use of X-rays is thought to be completely harmless to patients.

Nuclear magnetic resonance can be used to determine the purity of pharmaceutical products. 

Chromatography

Simple paper chromatography can be used to separate a mixture of dyes.  
The principle on which this works are also useful for more sophisticated techniques.

Essentially any form of chromatography used a fixed material (stationary phase) and moving substance (mobile phase). The separation occurs due to the equilibrium between the components in the mixture and the stationary and mobile phases.

  







The process continues in this way, the rate of movement determined by the equilibrium movement which depends upon the strength of the interaction of the material with the stationary phase and its solubility in the solvent in the mobile phase.

Column chromatography


If the component is coloured, it is clear when it emerged from the column.  If can be collected and the solvent evaporated to obtain the pure substance.  If the substance is colourless, there are other ways of detecting their presence, for example certain materials glow in ultra-violet light.

High-Performance Liquid Chromatography  

The effectiveness of column chromatography can be improved by using a very fine powder as the stationary phase.  Under these circumstances however gravitation is insufficient to drive the solvent through the system, so a pressure is used to drive the materials through the column.  This process is called high-performance liquid chromatography, HPLC.

The HPLC technique is used to separate mixtures and the components can then be analysed.

Gas-Liquid Chromatrography

In gas-liquid chromatography the mobile phase is an inert gas and the stationary phase a liquid coating on a powdered inert solid.  The powder fills a coiled tube which about 2mm in diameter and up to 10m long.  The coiled tube is situated in an oven which controls its temperature.










The vaporized sample is injected into the carrier gas which moves through the tube at a constant rate.  Volatile components of a mixture are carried through the tube fast, while those that are more soluble in the mobile phase take longer to pass through the tube.  The time a component spends going through the tube is called the retention time. 

The area under each peak from the recorder is a measure of the amount of that component. 

EA Catalysed reaction





EA Uncatalysed reaction
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Notice that the units of S are in JK-1mol-1. In particular J not kJ
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One version of this technique is column chromatography.  In this process a column is packed with an adsorbent solid, such as alumina.  The mixture is then placed in the top of the column so that it is adsorbed onto the surface of the solid.  The solvent (or eluent) is then poured into the top and allowed to trickle through the column.


 Partition of the solutes between the moving solvent and the stationery phase takes place.  The rate at which the solute moves down the column depends upon its partition coefficient.








B





Stationary phase





Mobile phase





The liquid carries the dissolved material forward.  The low concentration of the material at B causes the material to be adsorbed into the stationary phase. 





The low concentration of the material in the liquid (at A) causes the material to dissolve 
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A quadruplet at ratio 1:3:3:1 indicates that there are three protons on the adjacent carbon





A triplet at ratio 1:2:1 indicates that there are two protons on the adjacent carbon
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These protons can affect the field at H* according to whether they are aligned with the field or against it.








The field experienced by this proton will be affected by the two protons on the adjacent carbon.
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The peak at 9.9 shows      -CHO





The peak at 2.3 shows      -C=O-CH3-R





The peak at 0.9 shows       CH3-R
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The hydrophilic head is attracted into the water and the hydrophobic tail is repelled by water so the molecules arrange themselves as shown here.  This breaks down the surface tension of the water and allows it to wet a surface.  
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Butanoic acid 
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Carbocation intermediate





The stability of a tertiary  carbocation means that the breaking of the R-X bond can occur without the necessity of the hydroxide ion.


Hence only the RX features in the rate equation. It is designated SN1 because there is only species involved in the RDS.
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The rate determining step in which the R-X bond breaks involves the halogenoalkane and the hydroxide ion.  Hence both these feature in the rate equation.  


It is designated SN2 because there are two species involved in the RDS.
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2-Methylbutanoic acid 
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3-Methylbutanoic acid 
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Ester group





Sample  





Radio frequency detector





In a low energy position the magnetic field of the proton is aligned with the external magnetic field.





Energy 





The energy required to flip the proton lies in the radio frequency region.  





In a high energy position the magnetic field of the proton is opposed to the external magnetic field.
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Acyl chloride group





R





O





O





R





C





O





H





C





H





H





C





H





R





H





C





H





H





H





12





10

















ΔSSYSTEM�
+165 JK-1mol-1�
�
ΔH�
+178 kJmol-1�
�





































































































































































































































































8





6





6





4






































H





OH





HO2C





H





C





CH3





HO





CO2H





H





C





H3C








Half way to the end point





Ka =                            =            =   [H3O+]





In the reaction:


HA  +  OH-    (    A-  +  H2O 


At half way to the end point, [HA] = [A-]


          [H3O+] [A-]        [H3O+] [1]     


     [HA]                [1]





Taking logs          –log Ka = -log [H3O+]





                So pKa  =  pH (@ half neutralization)











[H+][In-]


 [HIn ]





H+





OH-.





OH-.





Na+





CH3CO2-





Na+





CH3CO2H 





[HA]





Ka =





[H3O+]2





(0.0107)2


     0.1





= 5.74 x 10-4 moldm-3





[HA]





Ka =





[H3O+]2





(4.47 x10-5)2


       1.0





= 2.00  x 10-9 moldm-3





[HA]





Ka =  





[H3O+]2





(6.76 x10-3)2


       0.1





= 4.57 x 10-4 moldm-3





CH3COOH/NaOH


weak acid/


strong base





2





4





[HA]





Kc [H2O] =





[H3O+  ] [A-]





[HA] [H2O]





[H3O+  ] [A-]





1 x 10-14  


  0.05





1 x 10-14  


  0.2





1 x 10-14  


  0.01





Dynamic equilibrium is when a reaction has a constant concentration of reactants and products exist as the forward and backward reactions takes place in both directions at equal rates. 





Equilibrium is when a reaction has a constant concentration of reactants and products. 





   Kw


[OH-]





14








Kp  =





[Pb2+] [Cl-]2





Mol3dm-9





pH





volume of base added/cm3





10





PH2O4 








Kp  =





No units





PH24 





Atm








Kp  =  PCO2





HCl/NaOH


strong acid/


strong base





12





phenolphthalein - ok





14





PSO22 PO2





Atm-1








Kp  =





PSO32 





phenolphthalein - ok





10





8





pH





PH23 PN2








Kp  =





PNH32 





Atm-2





[CH3CO2H] [C2H5OH]





No units





[CH3CO2C2H5] [H2O]








Kc  =





[Cu2+] [NH3] 4








Kc  =





dm12mol-4





[Cu(NH3)42+]





[NH3] [H2O]





No units








Kc  =





[NH4] [OH-]





methyl orange - ok





4





6





methyl orange - no





[Fe3+]2 [I-]2





dm3mol-1








Kc  =





[Fe2+]2 [I2]





CH3COOH/NH3


weak acid/


weak base





volume of base added/cm3





10





2





Moles CO = 2.8 / 28 = 0.1 mol,  


Moles CO2 = 8.8 / 44 = 0.2 mol,  


Moles NO2 = 2.3 / 46 = 0.05 mol,  


Total moles = 0.1  +  0.2  + 0.05 = 0.35mol


PCO = 0.1 / 0.35 x 8 = 2.29atm


PCO2 = 0.2 / 0.35 x 8 = 4.57atm


PNO2 = 0.05 / 0.35 x 8 = 1.14atm











Total moles = 2  +  3  + 1 = 6


PN2 = 2 / 6  x 5 = 1.67atm


PO2 = 3 / 6  x 5 = 2.5atm


PCO2 = 1 / 6  x 5 = 0.83atm
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ΔSSYSTEM�
+278.5 JK-1mol-1�
�
ΔHsoln�
+16 kJmol-1�
�






Enthalpy





ΔHSoln = +16 kJmol-1





ΔHHyd





NH4+ (aq)  +  Cl- (aq)





ΔHLat





NH4+ (g)  +  Cl-(g)





NH4Cl(s)





ΔSSYSTEM�
+165 JK-1mol-1�
�
ΔH�
+178 kJmol-1�
�






ΔSSYSTEM�
+3.02 JK-1mol-1�
�
ΔH�
-393.5 kJmol-1�
�






methyl orange (no
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8





10





pH





phenolphthalein - no





12





phenol-


phthalein - no





14





HCl/NH3


strong acid/


weak base





pH





volume of base added/cm3





10





14





12





Transition state





-





HO





H





H





X





H





C





-





HO





H





H





X





H





C





Reaction coordinate





Energy 





Reactive intermediate





Transition state 2





Transition state 1





Transition state 





Reaction coordinate





Energy 





EA





moldm-3 s-3


moldm-3 s-3 x (moldm-3 s-3)2





9.0 x 10-3


3 x 10-3 x (6 x 10-3)2








10





20





30





time/min





12.5





25





50





first order





% of reactant


  remaining





100





concentration





concentration





zero order





rate of


reaction





rate of


reaction





second


order





first


order





Q





Q





conc. 


  of


product





conc. 


  of


reactant





Rate at point Q


= gradient of tangent





Filter 





Solution under test





Meter





Beam of light





Photocell 





-ΔH





T





-





-





-





-





-





-





-





+





+





+





+





+





+





+





-





+





-





-





-





-





-





-





-





+





+





+





+





+





+





+





-





+





Enthalpy





Ionic solid





Gaseous ions





Hydrated ions





Lattice enthalpy





Hydrationenthalpy





MX(s)





M+(g)  +  X-(g)





ΔHLat





Enthalpy of Solution





M+(aq)  +  X-(aq)





ΔHHyd





ΔHSoln





M+(g)  +  X-(g)                 MX(s)  





M+(g)  +  X-(g)  +  aq                M+(aq)  +  X-(aq)  





M+(g)  +  aq                M+(aq)  


X-(g)  +  aq                 X-(aq)  





ΔHSoln





ΔHHyd





Na+(aq)  +  Cl-(aq)





ΔHLat





Na+(g)  +  Cl-(g)





NaCl(s)





Enthalpy








1
G:\3. Teaching Resources\1. NEW EdExcel A-LEVEL 2008\2. A2 Resources\End of Topic Notes\UNIT 4 NOTES 2009 [090603].doc
- 1 –


_1044459845.unknown

_1044631409.unknown

_1044633546.unknown

_1307617674.unknown

_1307693968.cdx

_1307694555.cdx

_1307697795.cdx

_1307694027.cdx

_1307618239.unknown

_1083059096.unknown

_1109512622.unknown

_1044632015.unknown

_1044632172.unknown

_1044632262.unknown

_1044632992.unknown

_1044632129.unknown

_1044631425.unknown

_1044460454.unknown

_1044631391.unknown

_1044631402.unknown

_1044622974.unknown

_1044459863.unknown

_1044460125.unknown

_1044459856.unknown

_1044455913.unknown

_1044458696.unknown

_1044458927.unknown

_1044459832.unknown

_1044459747.unknown

_1044459811.unknown

_1044458708.unknown

_1044457444.unknown

_1044458328.unknown

_1044457368.unknown

_1044453766.unknown

_1044453767.unknown

_1044453695.unknown

_1044453764.unknown

_1044371543.unknown

_1044371488.unknown

