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FINAL EXAM 
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PHYSICAL CONSTANTS:
c = 3.0 x 108 m/s (speed of light)
h = 6.6 x 10-34 Js (Plank’s constant)
1 amu = 1.66 x 10-24 kg (atomic mass unit)
NA = 6.02 x 1023 Avogadro’s number
R = 0.0821 L-atm/mol-K OR 8.314 J-mol/K gas constant 
0 degC = 273 K
1 atm = 101.3 kPa = 101,325 Pa = 760 mm Hg = 760 torr = 14.7 lb/in2 (psi) = 1.01325 bar

Electromagnetic spectrum – visible range
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ANSWER ALL QUESTIONS. SHOW ALL WORK. 
USE CORRECT UNITS AND SIGNIFICANT DIGITS. 

QUESTION 1:
(15 p) For each of the following statements determine if it is TRUE or FALSE.
a)	Chemical energy released in explosive reaction is a type of potential energy. TRUE
b)	Atomic number identifies an element based on the number of electrons. FALSE
c)	This is the shape of 1px orbital. FALSE
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d)	0.5 mole of H2O molecules contains 6.02 x 1023 atoms of hydrogen. TRUE
e)	In the combustion of Al metal in oxygen, 1 mole of Al2O3 is formed from 3 moles of oxygen gas. FALSE
f)	For two reactions, A → 2B with H = 50 kJ, and C → B with H = -30 kJ, the enthalpy change for the overall reaction A → 2C is +110 kJ. TRUE
g)	According to Graham’s law ammonia, NH3, effuses slower than carbon dioxide, CO2. FALSE
h)	Molecules that experience London dispersion forces usually have high melting and boiling points. FALSE
i)	In redox reactions within explosives, the fuel typically undergoes oxidation while the oxidiser undergoes reduction. TRUE
j)	A catalyst increases the rate of a reaction by increasing the activation energy. FALSE

QUESTION 2:
a) (3 p) Draw the Bohr model of a nitrogen-15 (N-15) isotope. Show the correct number, position within the atom, and charges of all subatomic particles. Indicate the energy levels. 
Nucleus: Contains 7 protons (each with a charge of +1) and 8 neutrons (neutral charge) (15-7=8). 
There are 2 energy levels:
First energy level contains 2 electrons (each with a charge of -1).
Second energy level contains 5 electrons (each with a charge of -1).

Marking:	 Bohr model + energy levels	1p
	Subatomic molecules + position 1p
	charges 			1p 

b) (2 p) What is the charge on nitrogen atom when it achieves an octet? -3
c) (3 p) Construct the Lewis structure for a nitrogen molecule, N₂. Show all bonding and non-bonding electron pairs. Explain how the specific arrangement of electrons in nitrogen atom influence its chemical properties. 
Each nitrogen atom shares three electrons to form a triple bond (three bonding pairs).
Each nitrogen also has one lone pair of electrons (one  lone pair)
[image: ]
	Marking: Lewis structure + e pairs 1.5p
		Properties 	 1.5p

The Bohr shows that nitrogen atoms need three more electrons to achieve a stable octet. This leads to the formation of a triple bond in the Lewis structure.

d) (3 p) Explain the significance of the nitrogen-nitrogen bond in relation to OME. How does this bond compare to the oxygen-oxygen (O=O) bond in terms of length and strength? 

The triple bond in N₂ is one of the strongest bonds in chemistry, requiring a lot of energy to break it and realising lot of energy when it forms. This energy that is released provides an explosive with its force and work it can perform (e.g. shock wave).

In the context of OME, the stability of the N≡N bond means that nitrogen gas is relatively inert. However, when nitrogen compounds are used in explosives, breaking these strong bonds releases a significant amount of energy, which is critical for the explosive's effectiveness.

The N≡N triple bond is shorter than O=O double bond which contributs to its strength and stability.
The N≡N triple bond has one of the highest bond enthalpy, higher that the one for O2 indicating it requires a significant amount of energy to break.
		Marking: OME relevance 2p
			Vs o2  	 1p
QUESTION 3:
Calcium salts are used in fireworks to produce orange-red light.
a) (4 p) Calculate the energy of one orange-red photon emitted by a calcium atom if the light has a wavelength of 616 nm. Show all calculation. 

The energy E of a photon is: 𝐸=ℎc/𝜆	1p
h is Planck's constant (6.63×10−34 J·s)
c is the speed of light (3.00×108  m/s)
λ is the wavelength (616 nm or 616×10−9  m) 1p

𝐸=(6.63×10−34 J·s × 3.00×108  m/s) / 616×10−9  m ≈ 3.23×10−19 J 	2p
F = 4.87 x 10^14
b) (3 p) How many unpaired electrons does a calcium atom have in its ground state? Support your answer by writing full electron configuration and showing the arrangement of electrons in orbitals. 
· Calcium (Ca) has an atomic number of 20.
· Electron configuration: 1s2 2s2 2p6 3s2 3p6 4s2 	1p
[image: ]1p
ZERO unpaired electrons		1p

c) (3 p) Discuss the principle of absorption/emission spectra and how they relate to colour formation in pyrotechnics. 
Absorption/emission spectra occur when electrons in an atom absorb fixed amount of energy and move to a higher energy level. When they return to their ground state, they emit photons of specific wavelengths, producing light.
The wavelength (and thus colour) of the emitted light corresponds to the energy difference between the excited and ground states.

Different elements emit specific colours when heated due to their unique emission spectra.
In pyrotechnics, compounds of elements such as strontium (red), barium (green), and copper (blue) are used to produce coloured flames. 
		
Marking:	 A/E process		1p
			Wavelength 		 1p
			colour 			1p 
QUESTION 4:
Benzene, C6H6, is a chemical compound that is commonly used in the manufacture of various explosives.
a) (2 p) When benzene combusts completely in oxygen, a mixture of gas products is formed. Write a balanced chemical equation that demonstrates this process. 
	2 C6H6 + 15 O2  12 CO2 + 6 H2O		1p if products are correct but coefficients wrong
b)	(5 p) If 27.0 g of benzene is burned in oxygen, calculate the overall mass of ALL gas products that form in above equation. 
	MM C6H6 = 78.11 g/mol so 27.0 g C6H6 is the mass of (27.0/78.11) 0.346 mol of C6H6 (3 sig. fig.)
MM CO2 = 44.0 g/mol (1p)
According to the stoichiometry of this reaction:
· 2 moles of C6H6 produce 12.0 moles of CO2, so 0.346 mol of C6H6 produces ((0.346 mol C6H6 x 12.0 mol CO2)/2 mol C6H6) 2.08 mol of CO2 (1p)
· 2 moles of C6H6 produce 6.00 moles of H2O, so 0.346 mol of C6H6 produces ((0.346 mol C6H6 x 6.00 mol CO2)/2 mol C6H6) 1.04 mol of H2O  (1p)
If 1 mol of CO2 has a mass of 44.0 g, 2.08 mol of CO2 will have a mass of (2.08 mol x 44.0 g/mol) 91.5 g
If 1 mol of H2O has a mass of 18.0 g, 1.04 mol of H2O will have a mass of (1.04 mol x 18.0 g/mol) 18.7 g (1p)

Total mass of all gas products is 91.5 g + 18.7 g = 110.2 g (1p)
c)	 (5 p) Assuming the reaction occurs at STP, calculate the volume of all gas products formed when 27.0 g of benzene is burned completely in oxygen. USE IDEAL GAS EQUATION! What is the alternative way to calculate this volume?
ideal gas equation, PV = nRT (1p)
STP: T = 0 degC = 273.15 K, P = 1.0 atm, (1p) R = 0.0821 atm-L/mol-K, n is the total number of moles of all gases. CO2 and H2O are both considered to behave like an ideal gas, so there is no difference between them and total number of moles of gas produced in this reaction is (2.08 mol CO2 + 1.04 mol H2O) 3.12 mol of gases. (1p)
V = (nRT)/P ; V = (3.12 mol x 0.0821 atm-L/mol-K x 273.05 K) / 1atm = 70.0 L (1p)  v CO2 = 46.6 L, v H2O = 23.4 L

Alternative way to find total volume of gases is to use the molar volume that at STP is 22.4 L:
3.12 mol x 22.4 L/mol = 70.0 L 1p

d) (3 p) What would be the new volume of gases originally produced at STP if the temperature and pressure were changed to 100°C and 700 mmHg? Use the appropriate gas laws to support your answer. DO NOT USE IDEAL GAS EQUATION!

At STP T = 0 degC (273 K) and P = 1 atm (760 mm Hg)
100 degC = 373K
Initial volume of gases was found in c) as 70.0 L
According to Charles’s law volume of gas increases with temperature. 
According to Boyle’s law, the volume increases when the pressure decreases. (1p)
To show the above effects, the following factors have to be used (for temperature change 373 K/273 K) and (for pressure change 760 mm Hg/700 mm Hg) (1p) and the new volume is: (70.0 L x (373 K/273 K) x (760 mm Hg/700 mm Hg)) 103 L (1p)

QUESTION 5:
a) (3 p) Explain the concept of oxygen balance in explosives and its significance in determining the performance of high energy materials. 

Oxygen balance (OB) is a measure of the degree to which an explosive compound can oxidize itself. It indicates whether there is sufficient oxygen in the molecule to completely convert all carbon (C) into carbon dioxide (CO₂), all hydrogen (H) into water (H₂O), and all metals (if present) into their respective oxides. (1)

· An oxygen balance close to zero often indicates optimal explosive performance because it means the explosive has just enough oxygen to oxidize all its fuel components, maximizing energy release.
· Explosives with a negative oxygen balance can produce toxic gases like carbon monoxide (CO) and soot (1) (unburnt carbon). Positive oxygen balance can lead to the production of excess oxygen, which might affect the surrounding environment.
· The oxygen balance can also affect the stability and sensitivity of the explosive. Well-balanced explosives tend to be more stable and have predictable detonation characteristics. (1)

b) (4 p) For a high explosive substance HMX (MM = 296.15 g/mol) shown below, calculate the oxygen balance. Use one of the methods discussed in class. Show all calculations.
[image: ]
Molecular Formula of HMX: C4H8N8O8 ​		properly recognised a, b, c and d  	2p
Oxygen Balance Formula: OB(%)=[(Mw)(O−2C−H/2)/MM]×100 = −21.62%	2p

where:
Mw​ = Molar mass of oxygen (16 g/mol) 1p
MM = Molar mass of the explosive compound (296g/mol)


c) (2 p) Apply the Kistiakowsky-Wilson rules to predict the detonation products of HMX and write the balanced chemical equation. 

C4​H8​N8​O8​ → 4CO​ + 4H2​O + 4N2​ 	2p no partial points

d) (4 p) Use the following standard heats of formation to calculate the heat of reaction for molar quantities of the reactants. Is this process exothermic or endothermic? Explain.
HMX (solid): -75.0 kJ/mol	CO (gas): -110.5 kJ/mol
CO2 (gas): -393.5 kJ/mol		H2O (gas): -241.8 kJ/mol


[image: ]
	ΔH = ∑ΔHproducts ​− ∑ΔHreactants​ (1)
For Products: ΔHproducts = 4×(−110.5 kJ/mol) + 4×(−241.8 kJ/mol) + 4×(0 kJ/mol) = −1409.2 kJ (1)
For Reactants: ΔHreactants = −75.0 kJ/mol (1)
Heat of Reaction: ΔH = −1409.2  kJ−(-75.0 kJ) = −1334.2 kJ

The reaction is exothermic as the heat of reaction is negative, indicating that energy is released during the detonation of HMX. (1)

e) (3p) Compare the heat of reaction from this combustion with 2.8 kJ provided by one gram of TNT.
Heat of Reaction per gram of HMX: ΔH(HMX per gram) =−1334.2 kJ / 296 g = 4.51 kJ/g (2)
HMX releases significantly more energy per gram than TNT (−4.51 kJ/g compared to 2.8 kJ/g, indicating that HMX is a more powerful explosive than TNT. (1)

QUESTION 6:
For a detonation of an explosive X, the following energy values are used to create a reaction profile (“energy” vs. “progress of reaction”):
	reactants 
	200 kJ

	products 
	100 kJ

	activated complex
	350 kJ







a) (4p) Sketch the reaction profile showing the reactants, products, activated complex, and their corresponding energy values. Calculate the enthalpy of detonation and the activation energy. Show both of them in the reaction profile. 
[image: ]Marking: RP + R,P,AC 	1p
	Calculation	1.5p
	Show		1.5p


b) (3 p) The water-gas equilibrium, CO2  + H2 ⇌ CO + H2O shifts toward products when temperature increases. What does it say about exo-/endothermic nature of the forward reaction and its activation energy? Clearly explain your answer

When the temperature is increased, the system tries to counteract this by absorbing the added heat.
Therefore, the equilibrium shifts towards the side that absorbs heat, which is the product side for an endothermic reaction.

For endothermic reactions, the activation energy is typically higher because the system needs to absorb enough energy to overcome the energy barrier and proceed with the reaction.
Therefore, given that the forward reaction is endothermic, it implies that it has a relatively high activation energy. This is because additional energy (in the form of heat) is required to drive the reaction forward, which aligns with the observation that increasing temperature shifts the equilibrium towards the products.

Marking:	 exo/endo		1p
			Ea			 1p
			why			1p 
QUESTION 7:
The phase diagram of an unknown compound X, is shown below: 
         [image: A graph showing the temperature of a temperature
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a) (3 p)  Using the phase diagram provided, draw the heating curve for compound X within the temperature range of 0 to 800°C at a pressure of 50 atm. Clearly label the sections of the heating curve where compound X is in the solid, liquid, and gas phases. What are the values of melting and boiling points at this pressure?
             [image: ]Marking: graph 	1p
	sections	1p
	m,b.p	1p

b) (2p) What are the values of the lowest possible temperature and pressure at which a sample of pure X can exist as a mixture of liquid and gas? How is this point called? List ALL phase transitions that occur at this specific temperature and pressure.
Triple point; 0.5p T = 500 degC, P = 35 atm ; 0.5p melt -  freeze, evaporate – condense, sublime – deposit 1p
c) (3 points) Discuss the role of intermolecular forces in determining the shape of the phase diagram and heating curve of compound X. Provide examples of how these forces affect melting and boiling points.

Intermolecular forces, such as hydrogen bonding, dipole-dipole interactions, and London dispersion forces, directly influence the shape of the phase diagram and heating curve of compound X by determining the temperatures at which phase transitions occur. Stronger intermolecular forces raise melting and boiling points, as more energy is required to overcome these forces, resulting in steeper regions on the heating curve. For example, compounds with hydrogen bonding, like water, have higher boiling points compared to those relying solely on weaker London forces.
	Any reasonable explanation 3p

d) (3 points) Why is it important to understand the phase diagram of a substance when designing a storage system for high-energy materials? Provide a detailed explanation.

It is crucial when designing a storage system for high-energy materials because it reveals the temperature and pressure conditions under which the material remains stable, avoiding unintended phase transitions that could lead to safety hazards. By ensuring the material stays in a safe phase (solid, liquid, or gas), engineers can prevent dangerous reactions, such as explosions or rapid phase changes, that might occur if the material enters a more reactive or unstable phase.
	Any reasonable explanation 3p

QUESTION 8:
A batch of nitric acid (HNO₃) used in the production of explosives needs to be tested for its concentration. A 50.00 mL sample of the acid is titrated with 0.2103 M potassium hydroxide (KOH) solution. The endpoint is reached after adding 42.80 mL of KOH. 
a) (3 p) Calculate the molarity of the nitric acid solution. 
M = mol/v [mol/L]  => mol = M x V 1p
At the end point of titration (equivalence point) moles of acid are equal to moles of base. 1p
mol A = mol B  => MA x VA = MB x VB  => MA = (MB x VB)/VA
MA = (0.2103 x 42.80 x 10-3) / (50.00 x 10-3) = 0.1800 mol/L 1p (deduct 0.5p if sig figs are wrong)

b) (2 p) Write a net ionic equation for this neutralisation process. 
H+  +  OH-   H2O 		no partial points
QUESTION 9:
(5 p) A new material designed for munitions casing needs to be tested for its heat absorption properties. A 100.0 g sample of this material is heated to 150.0°C and then quickly transferred into a calorimeter containing 200.0 g of water at 25.0°C. The final equilibrium temperature of the system is 35.0°C. If the specific heat capacity of water is 4.18 J/g°C, determine the specific heat capacity of the new material.
Q = m   T  cp  1p
Q water = -Q material 1p
(m   T  cp ) water = -(m   T  cp) material
cp material = ( (m   T  cp ) water) /- (m   T) material1p
cp material = ((200.0 g   (35.0 - 25.0 °C)  4.18 J/g°C )) / -(100.0 g   (35.0 – 150.0 °C )
cp material = 8660 / 11500 = 0.727 J/g°C 2p

QUESTION 10:
The reaction between aluminium metal (Al) and ammonium perchlorate (NH₄ClO₄) is a key redox process in composite solid propellants. The simplified balanced chemical equation for this reaction can be written as:     
6 Al (s)  +  3 NH4​ClO4 ​(s)   →   3 Al2​O3​ (s)  +  3 HCl (g)  +  3 NO (g)  +  6 H2​O (g)
a) (3 p) Determine the oxidation numbers of aluminium (Al), chlorine (Cl), and nitrogen (N) both before and after the reaction. Identify which species undergoes oxidation and which undergoes reduction.
Al (0)  Al (+3)		oxidation 1p
Cl (+7)  Cl (-1) 	reduction 1p
N (-3)  N (+2) 		oxidation 1p
	 
b) (2 p) Using the findings from part a), define the oxidising agent and the reducing agent in this reaction.
Oxidising agent in general is a species that can oxidise another species by reducing itself; Cl(+7) 1p. Reducing agent is a species that can reduce another species by oxidising itself; Al(0) and N(-3). 1p
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