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UNIT 5: Chemical Thermodynamics 
 

TOPIC 5A: Heat 
 

With increased Kelvin temperature of particles, comes increased kinetic energy – the higher the 

Kelvin temperature of particles, the more they move. If we use arrows as vectors to show the 

velocities of particles, we would see something like this at two different temperatures. 

 

  
High temperature Low temperature 

 

For example, 500 mL of water at a temperature of 25 oC has less energy than the same volume 

of water at 35 oC. Doubling the Kelvin temperature results in doubling the kinetic energy, which 

because of the equation below, must also mean a change in the velocity of the particles. 

 

KE per molecule = 2mv 
2
1  

 

As the Kelvin temperature approaches 0 K (absolute zero) the average kinetic energy of the 

particles also approaches zero. This can be summarized in a Maxwell-Boltzmann distribution 

showing a sample of gas particles two different temperatures. 

 

LO 5.2 
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The average kinetic energy of the particles in the high temperature system is greater than the 

average kinetic energy of particles in the low temperature system. 

 

When two systems that are at different temperatures come into thermal contact with one another 

(i.e., the particles collide), energy is transferred from the hotter one to the cooler one, until the 

temperatures of each are equal. At this point, the average kinetic energy of the particles of each 

system becomes the same, and a single, intermediate temperature is achieved. 

 

The transfer of energy (to ultimately achieve this new position) is called heat or ‘heat transfer’ – 

heat is not a substance, rather it is the transfer of energy. When the two systems are at the same 

temperature, there is no further transfer of heat and a thermal equilibrium is reached. 

 

Specific heat capacity 

 

Specific heat capacity is defined as the amount of energy required to raise 1 g of a substance by 

1 °C and it has a different value for different substances. The fact that it is a unique value for any 

particular substance means that the transfer of an identical amount of energy to the same mass 

of two different substances will not result in the same temperature change of the two substances. 

The amount of energy transferred (q) can be related to the temperature change of a substance 

(ΔT) by the equation below, where m = mass and c = specific heat capacity. 

 

q = m c ΔT 

LO 5.3 
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TOPIC 5B: Work, Calorimetry and Conservation of Energy 
 

Work 

 

In addition to the thermal transfer of energy (heat) that takes place when a hot body comes into 

contact with a cold body, energy can also be transferred via work. Most commonly in chemistry, 

we think of work in terms of gases and their expansion and contraction. Consider a gas inside a 

piston. 

V

ΔV
P P

P P

 
 

As the gas expands, the particles collide with the piston and energy is transferred from the gas to 

the piston. The work done by the gas on the piston can be quantitatively assessed. By 

considering the volume change of the gas, and the external pressure P that the gas is working 

against, it can be calculated via PΔV. 

 

As the gas expands it does work on the piston, energy is transferred to the piston and the piston 

moves. Because of conservation of energy, any energy lost by one system (in this case the gas), 

must be gained in equal magnitude by the other system (in this case the piston). In this work 

scenario, energy flows from one system to the other. 

LO 5.5 

LO 5.4 

LO 5.6 
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Heating and cooling curves 

 

It is possible to investigate the changes in a substance as energy is either added or removed at 

constant pressure. In these cases heating and cooling curves result. Starting with a solid below 

its melting point, the following effects can be observed. 

 

• The T of the solid increases at a constant rate until it begins to melt (i.e., reaches its m.p.) 

• When melting begins, the temperature is constant until the solid has all turned to liquid 

• The T of the liquid increases at a constant rate until it begins to boil (i.e., reaches its b.p.) 

• When boiling begins, the temperature is constant until the liquid has all turned to gas 

• The temperature of the gas increases at a constant rate 

 

In summary, energy is either being used to change the temperature but not the phase, or it is 

being used to change the phase but not the temperature. A plateau represents a stage when two 

phases are in equilibrium with one another, and a phase change is occurring. 

 

Heating curve 

 

 
Energy added 

 

In the regions where the temperature of the solid, liquid or gas is being increased, the amount of 

energy being added is, q = m c ΔT 

Where, q = energy, m = mass, c = specific heat capacity of the substance and ΔT = Tfinal – Tinitial, i.e., the change in temperature 

Where the solid is melting, the amount of energy being added is, q = (ΔHfusion)(moles) 

Where, ΔHfusion is the molar enthalpy of fusion and is the energy absorbed when 1 mole of a solid melts 
Where the liquid is boiling the amount of energy being added is, q = (ΔHvaporization)(moles) 

Where, ΔHvaporization is the molar enthalpy of vaporization and is the energy absorbed when 1 mole of a liquid vaporizes 

LO 5.6 
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Cooling curve 

 

 
Energy removed 

A cooling curve shows the same process as the heating curve only in reverse, where the energy is 

released rather than being absorbed. 

 

It is possible that some liquids may exhibit super-cooling. This is where a liquid is cooled to a 

temperature below its melting point but remains a liquid. This is a meta-stable state from which 

solidification can be initiated by shaking or seeding. 
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Calorimetry 

 

Calorimetry is the experimental technique used to measure energy changes in a chemical 

system. The usual process for calorimetry involves a chemical reaction (it may be that a phase 

change rather than a chemical reaction that is to be investigated, but in either case, the principle 

is the same), being put into thermal contact with a heat bath (this is usually water but could be 

another substance). The heat capacity of the heat bath will be known. 

 

The chemical reaction (or phase change) takes place, and energy is transferred between the 

chemical reaction (or phase change) and the heat bath. If we know the specific heat capacity of 

the substance in the heat bath, then we can calculate the amount of energy that has been 

transferred (either lost or gained by the heat bath) by applying 

 

q = m c ΔT 

 

If the temperature of the heat bath goes up, then the chemical reaction (or phase change) must 

have released energy (i.e., the reaction was exothermic). If the temperature of the heat bath 

goes down, then the chemical reaction (or phase change) must have absorbed energy (i.e., the 

reaction was endothermic). In each case, the ‘system’ is the chemical reaction (or the phase 

change), and the heat bath represents the ‘surroundings’. 

 

We can apply conservation of energy, and assuming that there are no energy losses, the 

magnitude of the energy lost or gained by the chemical reaction (or phase change), must be 

equal to the magnitude of the energy gained or lost by the heat bath, i.e., the magnitude of qsystem 

must be equal to the magnitude of qsurroundings. Since these processes will be either exothermic or 

endothermic respectively (or endothermic and exothermic respectively), then we can write 

 

qsystem  = - qsurroundings or  - qsystem  = qsurroundings 

 
where the negative sign acts in order to show that the processes are of the same magnitude, but 

are different in as much as one represents energy being released and one represents energy 

being absorbed. 
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Task 5Bi 

 

1. Propane is the gas that is commonly used in gas grills. A sample of propane with a 

 mass of 44.0 g is completely burned in oxygen and in the process it releases 2002 kJ 
 of energy. This chemical reaction is brought into contact with a water bath, and 

 the transfer of energy from the reaction to the water takes place. 

 

 Assuming the specific heat capacity of water to be 4.200 J g-1 K-1, and that in such an 

 experiment 100 % of the energy generated by burning the propane is transferred to the 

 water causing the water temperature to increase, answer the questions that follow. 

 

 (a) In which direction does the energy flow? 
 (b) Calculate the change in temperature of 20.00 kg of water. 

 (c) Is the combustion (burning) of propane an exothermic or an endothermic 

 process? Explain your answer. 

 

2. Consider the following data. 

 
Specific heat capacity of ice 2.05 Jg-1K-1 

Specific heat capacity of water 4.18 Jg-1K-1 

Specific heat capacity of steam 2.08 Jg-1K-1 

Molar heat of fusion for H2O 6.02 kJ mol-1 

Molar heat of vaporization of H2O 40.7 kJ mol-1 

Melting point of ice 0.00oC 

Boiling point of water 373 K 
  

 (a) How much energy is released, when 1.00 mole (18.0 g) of water at 20.0 oC is 

 frozen, and then cooled to a temperature of -2.00 oC? 

 (b) Considering ONLY the energy released in the phase change above, what would be 

 the temperature rise observed in a heat bath made of gold with a mass of 0.502 

 kg? The specific heat capacity of gold is 0.129 Jg-1K-1. 

LO 5.7 
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TOPIC 5C: Bond Energies and Enthalpies 
 

Atoms are attracted to one another when the outer electrons of one atom are electrostatically 

attracted to the nuclei of another atom. The attraction between two atoms makes them 

increasingly stable, giving lower and lower potential energies. 

 

However, as the atoms continue to approach one another and get increasingly close, there 

comes a point at which the two nuclei (and/or the more densely packed core electrons of each 

atom) will start to repel one another. As they start to repel one another the potential energy is 

raised, and they two atoms become less stable. 

 

A happy medium is reached (i.e., a bond is formed between the atoms) at a distance where the 

forces of attraction and repulsion result in the lowest (most stable) potential energy. The distance 

is called the bond length, and the potential energy at that point the bond strength. A typical plot 

for the formation of the simplest molecule, H2 is shown below where 74 pm and 436 kJ are the 

bond length and strength respectively. 

 

Internuclear distance
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-436 kJ

74 pm

 
 

Since the forces of attraction that stabilize atoms when they bond are attractions between 

electrons and nuclei, the greater the number of electrons involved, the stronger the attraction and 

as such, triple covalent bonds tend to be stronger than double bonds, and double bonds stronger 

than single bonds. Shorter bonds also tend to be stronger than longer ones. 

 

LO 5.1 
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The strength of the bond in a diatomic covalent molecule is the bond dissociation energy (BDE). 

For example, hydrogen, H2 (H-H), 

 

H2(g) → 2H(g) Bond energy = +436 kJ 

 

Now consider a polyatomic molecule, for example methane, CH4. Methane has four identical C-H 

bonds, but each has a different BDE (only approx. values are shown below but the point being 

that they are different). 

 

CH4(g)   →  CH3(g) + H(g)  BDE= +440 kJ 

CH3(g)   →  CH2(g) + H(g)  BDE= +460 kJ   

CH2(g)   →  CH(g) + H(g)  BDE= +420 kJ 

CH(g)   →  C(g) + H(g)  BDE= +340 kJ  

 

The individual BDE’s vary, since in each subsequent bond breaking, the environment in which the 

reaction is carried out is slightly different. This has the effect of making the strength of each 

individual C-H bond slightly different. In order to overcome this complexity, we may define the 

bond energy as the average of each of the four, separate C-H bonds. 

 

In order to break a bond, energy must be put in 

(an endothermic process with a positive energy change) 

 

When making a bond, energy is released 

(an exothermic process with a negative energy change) 

 

The energy change (∆H) in a reaction can be calculated by first summing the energy required to 

break each of the bonds in the reactants (a positive value), then summing the energy released 

when making each of the bonds in the products (a negative value), and then summing the two 

values. 

 

If the total energy needed to break the reactant bonds is greater than the total energy released in 

making the product bonds, then the reaction (system) is endothermic and energy is absorbed 

from the surroundings. As a result, the temperature of the surroundings drops. 

 

If the total energy needed to break the reactant bonds is less than the total energy released in 

making the product bonds, then the reaction (system) is exothermic and energy is released to the 

surroundings. As a result, the temperature of the surroundings rises.  

LO 5.8 
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Some average bond energies are given in the table below. 
Organic Compounds and Bond Enthalpy problems; 

 

In the context of covalent bond breaking and making it is extremely 

useful to know the following information about organic compounds. 

 

• Compounds where carbon atoms form chains are called 

organic. The carbon atoms form chains of varying length with 

other elements attached (most commonly H, O, N, S and the 

halogens). In organic names a prefix of meth- means 1 

carbon atom in the longest continuous chain, eth- 2, prop- 3, 

but- 4, pent- 5, hex- 6, hept- 7, oct- 8, non- 9 and dec- 10. 

• In these compounds C always makes a total of four covalent 

bonds, H one bond, O two bonds, N three bonds, S two 

bonds and the halogens one bond. 

• Common types of organic molecules are; alkanes (All C 

atoms bonded to one another with single bonds), alkenes (C 

chain includes a double bond), alkynes (C chain includes a 

triple bond), alcohols (include O-H), carboxylic acids (include 

-COOH) and esters (include –COO). 

• Structural formulae help when determining bonds present 

e.g., CH3CH2- etc. means a carbon atom with 3 H's attached, 

joined to a carbon atom with two atoms attached etc. 

• In a bond enthalpy calculations either, break all bonds in the 

reactants and reassemble all bonds in the products or, just 

break the necessary bonds in the reactants and reassemble 

the necessary bonds in the product.

 

 
Task 5Ci 

 

Use the data in the table above to answer the questions below. 

 

1. Calculate the standard enthalpy of the reaction below. 

 

CH3CH=CH2 + H2 → CH3CH2CH3 

 
2. Calculate the enthalpy change for the reaction below. 

 

CH3CH=CH2 + Br2 → CH2BrCHBrCH3 

 

Bond 
Bond energy 

in kJmol-1 

Values can be positive or negative, depending on 

whether the bond is being broken or made 
F-F 154 

C=O 743 

O-H 463 

Br-Br 193 

C-Br 276 

H-Br 366 

Cl-Cl 239 

C-O 360 

H-H 436 

C-C 348 

C-Cl 339 

C-H 412 

C=C 612 

H-F 565 

H-Cl 427 

C-F 485 

I-I 151 

C-I 238 

C≡C 837 

C-N 305 

H-I 299 
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3. Calculate the enthalpy change for the reaction below. 

 

CH4(g) + 2Cl2(g) + 2F2(g) → CF2Cl2(g) + 2HF(g) +2HCl(g) 

 
4. Without doing any calculations, determine the enthalpy change for the reaction 

 

CH3CH2OH + CH3COOH → CH3CO2CH2CH3 + H2O 

 
Enthalpy 
 

Every substance is said to have a heat content or enthalpy. Enthalpy is given the symbol, H. Most 

reactions involve an enthalpy change, ΔH°, where 

 

∆H° = H°f∑ PRODUCTS
− H°f∑ REACTANTS

 

 

Enthalpy level diagrams 

 

The enthalpy change in a reaction can be illustrated using enthalpy level diagrams. 

 

ENDOTHERMIC reactions. Enthalpy of products > Enthalpy of reactants, ΔH° is positive and the 

reaction is ENDOTHERMIC. This means energy is absorbed by the reaction (system) from the 

surroundings as it occurs, and this transfer can manifest itself in the form of heat (more usual, 

where the temperature of the surroundings goes down) or work being done on the system. 

 

Reactants

Products

ΔH = +ve
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EXOTHERMIC reactions. Enthalpy of products < Enthalpy of reactants, ΔH° is negative and the 

reaction is EXOTHERMIC. This means energy is released from the reaction (system) to the 

surroundings as it occurs, and this transfer can manifest itself in the form of heat (more usual, 

where the temperature of the surroundings goes up) or work being done on the surroundings. 

 

LO 5.6 
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Products
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During these endothermic and exothermic reactions, energy is transferred either from or to the 

surroundings. 

 

System

Surroundings

Universe

Energy transfered out from 
system to surroundings and 

the surroundings heat up 
(EXOTHERMIC)

Energy transfered into 
system from surroundings 
and the surroundings cool 

down
(ENDOTHERMIC)
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Standard Enthalpy of Formation (ΔHf°) 

 

Standard Enthalpy of Formation is defined as the enthalpy change when one mole of a substance 

is formed from its elements, in their standard states. For example, ΔHf°[C2H5OH(l)] = - 279 kJmol-1 

means that when the reaction below is carried out, 279 kJ of energy are released. 

 

2C(graphite) + 3H2(g) + ½O2(g) → C2H5OH(l) ΔH° = - 279 kJmol-1 

 

Task 5Cii 

 

Write equations to represent the following processes. 

 

1. The standard enthalpy of formation of CH3Br(l)   
2. The standard enthalpy of formation of CH3COC2H5(l)  

3. The standard enthalpy of formation of NaNO3(s)   

4. All elements are assigned a value for ΔHf° equal to zero. Why? 

 

Standard Enthalpy of Combustion (ΔHc°) 

 

Standard Enthalpy of Combustion is defined as the enthalpy change when one mole of a 

substance is completely burned in oxygen (since energy is usually released in such a reaction 

ΔHc
ɵ will usually be negative). For example, ΔHc°[C2H6(g)] = - 1565 kJmol-1 means that when the 

reaction below is carried out, 1565 kJ of energy are released. 

 

C2H6(g) + 3½O2(g) → 2CO2(g) + 3H2O(l) ΔH°  = - 1565 kJmol-1 

 

It is useful to remember that compounds containing some combination of carbon, hydrogen and 

oxygen, when completely burned in air (O2), produce carbon dioxide and water only. The 

combustion of other reactants may require other knowledge or intelligent guesswork to determine 

the products of that combustion. 

 

Task 5Ciii 

 

Write equations to represent the following processes. 
 

1. The standard enthalpy of combustion of C5H12(l) 

2. The standard enthalpy of combustion of CO(g) 
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3.  The standard enthalpy of combustion of H2(g) 

4. The standard enthalpy of combustion of Al(s) 

 

Hess’s Law 
 

Hess's Law states that, the enthalpy change during a reaction depends only on the nature of the 

reactants and products and is independent of the route taken. 

 

Task 5Civ 

 

Using one of the following methods to calculate the enthalpy changes in questions 1-3; 

 
Either; 

 

• Write the chemical equation for the required enthalpy change 

• Look at the data given. If ΔHc values are given combustion products must 

complete the cycle. If ΔHf values are given, elements must make up the cycle 

• Draw the cycle and add values (multiplying where necessary) 

• Apply Hess’s law to calculate the unknown value 
 

Or; 

 

• Write the chemical equation for the required enthalpy change (this is the target 

equation) 

• Algebraically manipulate the equations related to the data given to achieve the 

target equation and hence the target enthalpy change 

 

1. Calculate the standard enthalpy of formation of ethane (C2H6), given the following 

combustion data; 

 C(graphite) = -393 kJmol-1, H2(g) = -286 kJmol-1 and C2H6(g) = -1560 kJmol-1. 

 
2. Calculate the standard enthalpy of combustion of propan-2-ol (CH3CH(OH)CH3), given 

the following data; 

 Enthalpies of combustion for C(graphite) = -393 kJmol-1and H2(g) = -286 kJmol-1. Enthalpy 

of formation of propan-2-ol = -318 kJmol-1. 
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3. The Thermite reaction was used to produce molten iron for welding railway tracks 

together; 

Fe2O3(s) + 2Al(s) → Al2O3(s) + 2Fe(s) 

 

(a) Calculate the enthalpy change in the Thermite reaction, given the standard 

enthalpies of formation of iron (III) oxide and aluminum oxide are -823 and -1675 

kJmol-1, respectively. 
(b) Why are no values given for the enthalpy of formation of aluminum metal or iron 

 metal? 

(c) What would be the enthalpy change to convert one mole of aluminum oxide to 2 

 moles of Al, using iron metal as a reducing agent? 

 
4. When 10.00 g of sulfur is completely burned in air sulfur dioxide is formed and 93.00 

kJ of energy is released. 

 

(a) Write the equation for the burning of sulfur in oxygen to produce sulfur dioxide. 

(b) Calculate the standard enthalpy of formation of sulfur dioxide. 

 

5. This question is about the hydrocarbons, hexane and hex-1-ene. 

 
(a) The enthalpy of formation of hexane (C6H14) is -199 kJ and the enthalpy of 

formation of hex-1-ene (C6H12) is –73 kJ. Draw a Hess’s Law cycle in order to 

calculate ΔH for the conversion of hex-1-ene to hexane by the addition of 

hydrogen. 

(b) Calculate another value for the reaction in (a) using average bond energy terms. 
(c) Which of your answers, (a) or (b), will be more accurate and why? 

 

Born Haber cycles - The thermochemistry of the ionic bond 

 

The process of ionic bond formation can be broken down into a number of stages. For example, 

in the formation of sodium chloride there are two possible routes; 

 

1. A single step process (Enthalpy change = standard enthalpy of formation of NaCl) 

 

Na(s) + ½ Cl2(g) → NaCl(s) 

 

The standard enthalpy of formation is the enthalpy change when one mole of a substance is 

formed from its elements in their standard states. 
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2. A multi-step process involving five separate changes 

 

(i) Atomization of sodium (Enthalpy change = standard enthalpy of atomization of Na) 

 

Na(s) → Na(g) 

 

The standard enthalpy of atomization is the energy required to form one mole of gaseous atoms 

from the element under standard conditions. 

 

(ii) Ionization of sodium (Enthalpy change = 1st ionization energy of Na) 

 

Na(g) → Na+
(g) + e- 

 

The first ionization energy is the energy required to remove one mole electrons, from one mole of 

atoms in the gaseous phase. 

 

(iii) Dissociation of chlorine molecules (Enthalpy change = standard enthalpy of atomization of 

chlorine = ½ standard bond dissociation energy of chlorine) 

 

½ Cl2(g) → Cl(g) 

 

The standard enthalpy of bond dissociation is the energy required to dissociate one mole of 

molecules into atoms. 

 

(iv) Formation of gaseous chloride ions from gaseous chlorine atoms (Enthalpy change = 1st 

electron affinity of chlorine) 

 

Cl(g) + e- → Cl-(g) 

 

The first electron affinity is the enthalpy change when one mole of gaseous atoms gains an 

electron to forms a mole of gaseous ions. 

 

(v) Bring together the gaseous ions (Enthalpy change = standard lattice enthalpy of NaCl) 

 

Na+
(g) + Cl-(g) → NaCl(s) 

 

The standard lattice enthalpy is the enthalpy change when one mole of solid is formed from its 

constituent gaseous ions. 
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N.B. When considering the relative attractions of ions for one another it can be useful to consider 

charge density. Small, highly charged ions have high charge densities. These ions tend to attract 

one another to a greater degree, and lead to higher melting points and higher lattice energies. 

Also, your knowledge of Coulomb’s law is crucial, and the relative effects of the magnitude of the 

charges and the distances between them. 

 

Discrepancies between calculated and experimental values of lattice enthalpy 

 

By assuming that a compound is essentially 100% ionic, it is possible to calculate a theoretical 

value for the lattice enthalpy. In some cases the theoretical values agree very closely with the 

experimental values, but in other cases discrepancies arise. 

 

Compound 
Theoretical Lattice 
enthalpy/kJmol-1 

Experimental Lattice 
enthalpy/kJmol-1 

Agreement? 

NaCl - 766 - 781 Good match 

ZnS - 3427 - 3565 Poor match 

 

Where the match is poor, the idea of a completely ionic bond is incorrect. The differences are 

caused by polarization, and the ionic bond taking on a degree of covalent character. This is 

another example where the idea of a sliding scale of bond type is a useful one. 
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A Born-Haber cycle diagram can be constructed from these data. Often, positive values are 

denoted as going upwards, negative values as going downwards but you may see the cycle 

represented in almost any orientation. 

 

Na(s) + 1/2Cl2(g)

NaCl(s)

Na(g) + 1/2Cl2(g)

Na+(g) + 1/2Cl2(g)

Na+(g) + Cl(g) Na+(g) + Cl(g)

Na+(g) + Cl-(g)

 

 

 

 

 

 

ΔHa

ΔHe

ΔHa

ΔHi(1)

ΔHl

ΔHf

 
E

n
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g
y

 
 

Hess's Law states that the energy change for a reaction is independent of the route taken, so 

 

le)(Cla(1)i(Na)af HHHHHH
2

ΔΔΔΔΔ ++++=Δ  
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An important note about the conventions of using kJ/mol (kJ mol-1) on the AP exam 

 

If you see a chemical reaction with a ΔH in units of kJ/mol associated with it, it is reasonable to 

ask the question, “moles of what?” The question is an important one, since in the reaction there 

are likely to be a number of different reactants and products. For example the equation below, 

might have you asking, “moles of N2 or F2 or NF3?” 

 

N2(g) + 3F2(g) → 2NF3(g)  ΔH = -264 kJ/mol 

 

On the AP exam, the ΔH value actually means - 264 kJ PER MOLE OF REACTION and will be 

likely be illustrated like this; 

 

kJ molrxn
-1  OR  kJ/molrxn 

 

So, in the reaction above, when 1 mole of N2 reacts we would expect 264 kJ of energy to be 

released. This would also be the energy released when 3 moles of F2 react, AND also when 2 

moles of NF3 is produced in the same reaction. 

 

HOWEVER, if only 1 mole of F2 and one third of a mole of N2 were to react, we would only expect 

one third of 264 kJ to be released. Similarly if only 1 mole of NF3 were produced then the reaction 

would only release half of 264 kJ.
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TOPIC 5D: Physical and Chemical Changes and Bonding 

 

We have seen previously in UNIT 2 that intermolecular forces commonly take on one of three 

types. London dispersion (present between all molecules and which increase with larger surface 

areas and larger numbers of polarizable electrons), dipole-dipole (caused by significant 

differences in electronegativities), and hydrogen bonding (the strongest of the three types and in 

play when H is directly connected to N, O or F) caused when the negative end of such a dipole is 

attracted to the positive end of another such dipole. 

 

These intermolecular forces and their relative strengths, influence physical properties of 

covalently bonded compounds such as boiling point. 

 

Task 5Di 

 

1. Pentane, C5H12, is a hydrocarbon with a boiling point of 36oC. Butan-1-ol, C4H9OH, is an 
alcohol with a boiling point of 117oC. Their structures are shown below. 

 

C CCCC

H

H H

H

H

H

H

H

HH

H

H

 
pentane 

C OCCC

H

H

H

H

H

H

HH

H

H

 
1-butanol 

 

 

 (a) What is the significance of their molar masses being approximately the same? 

 (b) Given that the have similar molar masses, explain the observed large difference in 
 the boiling points of these two substances. 

 

2. The boiling point of HCl is -85oC. The boiling point of chlorine, Cl2 is -34oC. Discuss the 

differences in the boiling points of these substances in terms of the intermolecular 

forces present. 

 

3. The noble gases are made from monatomic particles. What would you expect the 
pattern of boiling points of the elements to be as one descends group 18 of the 

periodic table? 

 

Such intermolecular forces are especially important in large, biochemical and organic molecules 

such as polymers. When intermolecular forces of attraction occur in these instances, the physical 
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shape and properties of these molecules can be significantly affected. Two such examples are 

considered, here. 

 

Amino acids, peptide bonds and proteins 
 

Amino acids are organic molecules with the general structure shown below. R represents some 

other substituent (another hydrogen atom or a more complicated carbon chain) that varies, and 

identifies the specific amino acid. E.g., if R is H then the amino acid is glycine, if R is CH3, then it 

is alanine. –COOH is a carboxylic acid group, and -NH2 is an amino group, hence amino acid. 

CR C
H

NH2

O

OH

 
By stringing together a collection of amino acids in a chain, a protein is formed which includes a 

peptide bond (circled in green). The peptide bond is formed when the acid group of one of the 

amino acids reacts with the amino group of another, releasing a water molecule in the process. 

This is called a condensation reaction. Repetition creates a long chain molecule. 

C

O

OH
C

O

N

H
N

H

H
OH2+

 
Simple chains of amino acids strung together to form proteins in this manner are called primary 

structures. However, the peptide bonds in these chains have the ability to form intermolecular 

hydrogen bonds with one another. 

H O

N C

δ−

δ+

δ+

δ−

HO

NC
 

In the process, the individual strands can form a helical coil called an alpha helix. These helical 

coils are called secondary structures. If the helical coils form spherical globular proteins (where 

the helical chains wind together in ‘blobs’) or form fibrous proteins (where the helical chains are 

intertwined in long strands) then they form what are known as tertiary structures. Finally, the 

globular proteins may cluster together in groups to yield a quaternary structure. Various 

intermolecular forces of attraction create different structures. 
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Plastics 

 

Thermosoftening plastics are made from long polymer chains that can interact with one another 

via intermolecular forces. These forces are relatively weak, and above a certain temperature can 

be broken so that the polymer chains can easily flow over one another and the plastic can be 

molded. If the plastic is cooled, the intermolecular forces can re-form, and the plastic becomes 

soldified once more. 

 

We have also seen in UNIT 3 that if there is only an interruption in the inter-molecular forces then 

the change should be seen as physical, but if there is a re-arrangement of the intra-bonds 

(covalent bonds), then the change is chemical. However, when a process involves both of these 

changes it can be more difficult to determine whether a change is purely chemical or purely 

physical. 

 

Task 5Dii 

 

When solid sodium chloride dissolves in water, the process can be summarized by the 

equation below, and the resultant ions can be described as ‘hydrated’, meaning 

‘surrounded by water molecules’. 

 

     NaCl(s) → Na+
(aq) + Cl-(aq) 

 

The overall process can be thought of as three, independent events. 

 

1. The first two events are listed below. Complete the table. 

 
Event Bond or force being broken 

Solid NaCl breaks down into its 

constituent ions  

Water molecules are separated from 

one another  

 

2. The third event can be described as the individual Na+ and Cl- ions being 

 surrounded by the water molecules. What specific feature of the water molecules 
 allows this third event to occur?

LO 5.10 
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TOPIC 5E: Entropy 
 

One might assume that a reaction with a negative ΔH value would always proceed since the 

products have a lower enthalpy than the reactants and are more stable. However, this is not 

necessarily so. If a reaction has a very high energy of activation then it will not occur and is 

described as kinetically stable or under kinetic control. In these circumstances it is possible that a 

reaction that one might predict as being highly likely, produces little or no products. 

 

An example is the oxidation of ammonia by oxygen to produce nitrogen monoxide and water. The 

ΔH for this reaction is - 909 kJ mol-1 showing ammonia and oxygen to be very unstable. However 

the reaction does not proceed due to the high activation energy and as a result the reactants are 

said to be kinetically stable and the reaction does not occur. 

 

Similarly, one might assume that a reaction with a positive ΔH will never proceed since the 

products have a higher enthalpy than the reactants and are less stable. However, some 

endothermic reactions do proceed, for example, KCl(s) + (aq) → KCl(aq) where ΔH = + 19.2 kJmol-1 

 

Since in this reaction there is also an activation energy that must be obtained before the reaction 

will proceed, we can say that the ΔH value and the activation energy are not the only factors that 

determine whether a chemical reaction will (or won’t), take place. 

 

By carefully examining the process of KCl solid dissolving, we can see that there is a change 

from a relatively ordered (organized) state, a solid, to a relatively less ordered (disorganized 

state), a solution. The degree of disorder or dispersal of energy in a reaction is called the entropy 

and is given the symbol, S. In the reaction above there has been an increase in entropy; in such 

cases ΔS is assigned a positive value. 

 

A pure, perfect crystal at 0 K (absolute zero) is assigned an absolute entropy = 0, that is to say it 

is completely ‘organized’ or completely ‘ordered’. The absolute entropies of substances in the real 

world (not at 0 K) are measured relative to that, and as such all have values that are greater than 

zero*. The state, temperature, number of particles and volumes of gases are all important factors 

in entropy, and we find that; 

 

*aqueous ions are measured relative to a different zero so may have negative values. 
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absolute entropy of solids < absolute entropy of liquids <<< absolute entropy of gases 

and 

absolute entropy of a small number of particles is less than the absolute entropy of a large number of 

similar particles 

and 

absolute entropies of gases with smaller volumes are less than the absolute entropies of gases with larger 

volumes, since the ones with larger volumes have more space to be disordered in 

and 

entropy increases with increasing temp since particles can move around more and are more dispersed 

 

Task 5Ei 

 

1. Predict the sign of ΔS° in these reactions. 

 

 (a) MgO(s) + H2O(l) → Mg(OH)2(s) 
 (b) Na2CO3(s) → Na2O(s) + CO2(g) 

 
2. Which of the following has the greater entropy? 

  

 (a) A metal at 273 K, or the same metal at 400 K 

 (b) A flexible soft metal like lead, or diamond, a rigid solid  

 (c) Two samples of the same gas, at the same temperature, but one with at a pressure 

  of 1 atm and the other at a pressure of 0.5 atm 

 

The change in entropy (ΔS°) in a reaction can be found by subtracting the sum of the absolute 

values of the entropy of the reactants from the sum of the absolute entropies of the products. 

 

∆S°REACTION = S°∑ PRODUCTS
− S°∑ REACTANTS

 

 

e.g., calculate the entropy change, ΔS° for the formation of ammonia, N2(g) + 3H2(g) → 2NH3(g). 

The absolute entropies are,193 J/(K mol) NH3(g), 192 J/(K mol) N2(g) and  131 J/(K mol) H2(g) 

 

ΔSɵrxn = [(2)(193)] – [(192 + ((3)(131))] = -199 J/(K molrxn) 

 

This makes sense since the negative value implies that the system has become more ordered 

(four gas molecules are converted to two gas molecules). 
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Gibbs Free Energy 

 

Enthalpy and entropy are brought together in the Gibbs-Helmholtz free energy equation. 

 

∆G° = ∆H°−TΔS°  
 

NOTES: 

 

1. In order to apply this equation, all reactants and products in an equilibrium mixture (see UNIT 

6) must be present and in their standard states, meaning gases at 1.0 atm and solutions at 

1.0 M. A temperature should be stated, and that is usually (but not always) 298 K. 

 

2. Entropy values tend to be given in units that involve J, whereas enthalpy values tend to be 

given in units that involve kJ. This means that when performing calculations that involve both 

entropy and enthalpy, i.e., in Gibbs Free Energy calculations, it is very important to remember 

that a conversion of one unit to match the other is often required. 

 

All thermodynamically favored chemical reactions have a value for ΔGo that is negative. The math 

of the equation above tells us that a negative ΔGo is favored by a negative ΔHo and a positive 

ΔSo. A thermodynamically favored reaction may still be a very slow one if the energy of activation 

is very high (see UNIT 4), so a reaction that has a negative value for ΔGo may not necessarily 

occur at a measureable rate. Analysis of the possible sign combinations of ΔHo, ΔSo and ΔGo 

gives us this 

 

ΔH° ΔS° ΔG° 

+ + - at high temperatures 

+ at low temperatures 

+ - ALWAYS + 

- + ALWAYS - 

- - - at low temperatures 

+ at high temperatures 
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A value for the Gibbs free energy change in a reaction can be calculated in much the same way 

as enthalpy and entropy, by using the following equation. 

 

∆G° = G°f∑ PRODUCTS
− G°f∑ REACTANTS

 

 

If ΔGo is positive then the reaction is not thermodynamically favored (reactants are favored), and 

if it is zero then the reaction is favored equally in both the forward and backward directions 

(equilibrium). 

 

Forcing non-thermodynamically favored reactions to occur 

 

A reaction with a positive ΔGo can be forced to occur by applying energy from an external source. 

Three such examples will be considered here. 

 

1. Using electricity in the process of electrolysis (see UNIT 3). 

2. Using light to overcome a highly endothermic ionization energy (see UNIT 1), or light initiated 

photosynthesis in the equation below that has a ΔGo = +2880 kJ/molrxn 

 

6CO2(g) + 6H2O(l) → C6H12O6(aq) + 6O2(g) 

 

3. The coupling of a thermodynamically unfavorable reaction (positive ΔGo) to a favorable one 

(negative ΔGo), where intermediates are common throughout a series of reactions, and taken 

together the reactions combine to form an overall reaction with a favorable, negative ΔGo. 

 

An important cellular reaction in biochemistry is the addition of phosphate group to a glucose 

molecule. It can be summarized thus; 

 

PO4
3- + glucose ⇌ glucose-6-phosphate  (reaction 1) 

ΔGo = +13.8 kJmol-1 

This reaction has a ΔGo value that is positive, and as such it is not thermodynamically favored. 

 

Another important reaction of cells is the conversion of ATP to ADP in the body, according to the 

following equation; 

 

ATP ⇌ ADP + PO4
3-    (reaction 2) 

ΔGo = -30.5 kJmol-1 

This reaction has a ΔGo value that is negative, and as such it is thermodynamically favored. 
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If a cell can simultaneously covert ATP to ADP (thermodynamically favored) in reaction 2, and 

can then use the PO4
3- that is generated to cause (thermodynamically unfavored) reaction 1 to 

occur, then as long as the negative ΔGo for reaction 2 exceeds the positive ΔGo for reaction 1, 

then the overall reaction (a combination of reactions 1 and 2) will be thermodynamically favored. 

 

ATP + glucose ⇌ glucose-6-phosphate + ADP  (overall)     

ΔGo = +13.8 +(-30.5) = -16.7 kJ mol-1 

 

The process of combining non-thermodynamically favored and thermodynamically favored 

reactions to produce an overall thermodynamically favored reaction is called coupling. We will 

see more in UNIT 6 about how ΔGΘ values are linked to equilibrium constants and to Le 

Chatelier’s principle, but for now consider the mathematical relationship between ΔGo and K. 

 

 oΔG = - RT ln K  
 

This shows us that large magnitude negative values for ΔGo will lead to large magnitude positive 

values for K. In UNIT 6, we will see how large, positive values of K show that reactions are very 

likely to occur, meaning there is a consistency between very negative ΔGo values and very large, 

positive K values when it comes to favorable reactions. 

 

We have seen earlier how ΔGo can be influenced by temperature (see table on page 26), but 

there is one more thing to consider. ΔGo also assumes standard conditions of 1 atm for gases and 

1 M for solutions. This means that when the conditions differ from those standard values (in terms 

of different pressures and/or different concentrations), that a previously positive (or negative) ΔGo 

value, will take on a new ΔG value under these new conditions. In some cases (where ΔGo is 

close to 0), not only does the magnitude change, but the sign will change too, causing a 

previously non-favored reaction to be come favorable, and vice-versa. There is an equation which 

allows the calculation of such things namely, ΔG = ΔGo + RT ln Q (see UNIT 6 for a full 

explanation of Q, but it is where the new pressures and/or concentrations manifest themselves), 

but this no longer appears on the Equations & Constant sheet that comes with the new exam, so 

it seems very doubtful that such calculations are necessary. However, you should understand 

that initial conditions, outside of standard ones, might cause a favored reaction to actually 

produce very few products, and non-favored one to actually produce products. 
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