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PHYSICAL CONSTANTS:				USEFUL EQUATIONS:
C = 3.0 x 108 m/s (speed of light)			  Arrhenius equation;         
h = 6.6 x 10-34 Js (Plank’s constant)			   
NA = 6.02 x 1023 Avogadro’s number 		Oxygen balance
R = 0.0821 L-atm/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)

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

QUESTION 1: 							(13 points total)
a) (3 p) Draw the Bohr model for an atom with atomic number 19. Specify the number of orbits and indicate the position of all subatomic particles within the atom and their charges. 
Atom with atomic number 19, contains 19 protons (positively charged), 19 electrons (negatively charged), and neutrons (no charge). Protons and neutrons are concentrated in the nucleus whereas electrons move around on four orbits, 1, 2, 3 and 4. 
b) (7 p) For an atom with atomic number 19, provide the following information:
i. name of the element 					potassium
ii. symbol							K
iii. position in periodic table				period 4, group 1
iv. number of protons 					19 
v. number of valence electrons				1
vi. charge on this atom when it forms stable ion 	+1
vii. type of element (metal, nonmetal, metalloid).	metal

c) (3 p) Write the full and shorthand electron configuration for an atom with atomic number 19 and show ALL the electrons in orbitals
full e-conf: 1s2 2s2 2p6 3s2 3p6 4s1   		short-hand e-conf: [Ar] 4s1
       [image: A couple of black rectangles with green arrows and blue text
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QUESTION 2: 							(10 points total)
One component of pyrotechnic composition used to manufacture chemical flares is strontium chloride, SrCl2.
a) (4 p) If the energy of photon emitted by the above flare is 2.85 x 10-19 J, calculate its wavelength. What is the colour of this light? Use the spectrum in the reference sheet.
The energy E of a photon is: 𝐸=f×ℎ and c =f×𝜆 where h is Planck's constant (6.63×10−34 J·s) and c is the speed of light (3.00×108  m/s); λ is the wavelength 	

f = E/h = (2.85×10−19 J / 6.63×10−34 J·s) = 4.30×1014  1/s	
𝜆 = c/f =  (3.00×108  m/s  / 4.30×1014  1/s) = 6.98×10−7 m = 698 nm 	

The colour is RED.	
b) (3 p) How does the change in the frequency of electromagnetic radiation affects its wavelength and energy? Arrange these electromagnetic waves in the order of increasing energy: visible light, X-rays, radio waves, IR. 
Wavelength and frequency are inversely related; as the wavelength decreases, the frequency increases, and vice versa. Energy is directly proportional to frequency; as the frequency increases (which happens when the wavelength decreases), the energy of the radiation also increases. Conversely, longer wavelengths correspond to lower frequencies and lower energy.	
Radio waves, IR, visible light, X-rays 	
c) (3p) The colours seen in chemical flares and fireworks are the result of the emission of visible light. Explain shortly how these colours are produced at the atomic level. 
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. 





QUESTION 3: 							(6 points total)
A compound used in explosive formulations contains 40.00% carbon, 6.67% hydrogen, and 53.33% oxygen by mass. The molar mass of the compound is found to be approximately 160 g/mol.

a) (4 p) Determine the empirical formula of the compound. Show all steps in your calculation, including how you determine the mole ratios of the elements. (Assume 100 g of compound).
MM: C = 12.00 g/mol, H = 1.00 g/mol and O = 16.00 g/mol
In 100 g of sample there are: 40.00 g carbon, 6.67 g hydrogen and 53.33 g of oxygen which corresponds (40.00 g / 12.00 g/mol) = 3.33 mol C, (6.67 g/1.00g/mol) = 6.67 mol H and (53.33 g / 16.00 g/mol) = 3.33 mol O. The mole ratio of C:H:O = 3.33:6.67:3.33 = 1:2:1.
Empirical formula is CH2O.
b) (2 p) Find the molecular formula of the compound based on the empirical formula determined in a) and the molar mass.
[bookmark: _Hlk118499602]MM of CH2O is 30.00 g/mol. If the molar mass of the compound is 160.00 g/mol, the empirical formula must be multiplied by 5, so the molecular formula is C5H10O5.

QUESTION 4: 							(7 points total)
When solid ammonium nitrate and magnesium metal are mixed in a stoichiometric ratio, they form a pyrotechnic composition that decomposes to form solid magnesium oxide, water vapour, and nitrogen gas. 

a) (3 p) Write a balanced equation showing all products for the decomposition of this mixture. 
NH4NO3 (s)  +  Mg  (s)      MgO (s)  +  2 H2O (g)  +  N2 (g)
b) (4 p) What percentage of magnesium, by mass, is contained in the stoichiometric mixture?

stoichiometric mixture: MM NH4NO3 (= 80.00 g/mol) + MM Mg (= 24.0 g/mol) =  104.00 g/mol  
%wt Mg  = (24.0 /104.0)*100% = 23.1% Mg



QUESTION 5: 							(14 points total)
In hypergolic propulsion systems, hydrazine (N₂H₄) reacts spontaneously with nitrogen tetroxide (N₂O₄) without the need for an ignition source. The balanced chemical equation for this redox reaction is:
2 N2H4 (l)  +  N2O4 (l)   →   3 N2 (g)  +  4H2O (g)

a) (4 p) Determine the oxidation numbers of nitrogen (N) both before and after the reaction. Identify which species undergoes oxidation and which undergoes reduction.
 in N2H4: N (-2)  N (0)	oxidation; 	in N2O4 N (+4)  N (0)	reduction
b) (3 p) How many bonding and non-bonding electron pairs are there in hydrazine (N₂H₄) molecule? Answer your question by drawing the correct Lewis structure. 
[image: ]
5 bonding and 2 non-bonding electron pairs
c) (4 p) Using the standard heats of formation listed below, calculate the heat of reaction for stoichiometric quantities* of the reactants. Is this process exothermic or endothermic? Explain.
*as in the balanced chemical equation
hydrazine (N₂H₄):  		50.6 kJ/mol
nitrogen tetroxide (N₂O₄): 	9.16 kJ/mol
water (gas, H2O):		- 242 kJ/mol
ΔH = ∑ΔHproducts ​− ∑ΔHreactants​
For Products: ΔHproducts = 3×(0 kJ/mol) + 4×(-242 kJ/mol) = -968 kJ
For Reactants: ΔHreactants = 2×(50.6 kJ/mol) + 1×(9.16 kJ/mol) = 110.36 kJ
Heat of Reaction: ΔH = −968  kJ −110.36 kJ = −1078.36 kJ

The reaction is exothermic as the heat of reaction is negative, indicating that energy is released.
d) (3 p) How does the heat of reaction from this reaction compare with 2.8 kJg-1 provided by one gram of TNT. 
1078 kJ of heat is released for the following quantities of reactants/products: 
2 x 32 g of N2H4 + 1 x 92 g of N2O4  3 x 28 g of N2 + 4 x 18 g of H2O = 165 g.   
1078 kJ for 165 g is 6.5 kJ/g. This is higher than TNT.


QUESTION 6: 							(14 points total)
When explosive compound, PETN, with condensed formula C5H8N4O12 fully combusts in air, a mixture of gas products form according to the following balanced chemical equation:
C5H8N4O12 (s)  +  O2 (g)      5 CO2 (g)  +  4 H2O (g)  +  4 N2 (g)   

a) (3 p) If stoichiometric quantities* of PETN (C5H8N4O12) and oxygen (O2) reacted at STP, what would be the volume of all gas products? 
*as in the balanced chemical equation
	At STP the molar volume of gas is 22.4 L. In this reaction 13 moles of gas form so the volume they occupy is 13 moles x 22.4 L/mol = 291.2 L
b) (4 p) If the stoichiometric volume of gas products (calculated in part a), originally at STP was heated to 100 C and the pressure was reduced to 700 mmHg, what would be the new volume of all gas products? What specific gas laws you need to use to support your answer? DO NOT USE THE 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 a) as 291.2 L
According to Charles’s law volume of gas increases with temperature.
According to Boyle’s law, the volume increases when the pressure decreases. 
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) and the new volume is: (291.2 L x (373 K/273 K) x (760 mm Hg/700 mm Hg)) 432.0 L
c) (4 p) If 0.250 moles of PETN is combusted completely in excess oxygen, calculate the total mass of carbon dioxide and water produced
0.250 mol PETN x (5 mol CO2 /1 mol PETN) x (44.0 g / 1 mol CO2) = 55.0 g CO2 
0.250 mol PETN x (4 mol H2O /1 mol PETN) x (18.0 g / 1 mol H2O) = 18.0 g H2O 
55.0 g CO2 + 18.0 g H2O = 73.0 g of gas mixture
d) (3 p) How many oxygen atoms are involved in this reaction?
14 moles of oxygen atoms x NA = 14 x  6.02 x 1023 = 8.43 x 1024 





QUESTION 7: 							(10 points total)
a) (4 p) Explain the concept of oxygen balance in explosives and its significance in determining their performance.
Oxygen balance (OB) is a measure of the degree to which an explosive compound can oxidise 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.

a. An oxygen balance close to zero often indicates optimal explosive performance because it means the explosive has just enough oxygen to oxidise all its fuel components, maximizing energy release.
b. Explosives with a negative oxygen balance can produce toxic gases like carbon monoxide (CO) and soot (unburnt carbon). 
c. Positive oxygen balance can cause oxidation of surrounding materials (increased damage, secondary fires); enhanced detonation power and brisance; increased temperature that can intensifying the explosion; toxic gases as nitrogen oxides (NOx) may form; further combustion of nearby materials.
d. 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.
b) (3 p) Calculate the oxygen balance for the explosive compound RDX (C3H6N6O6).
Molecular Formula of RDX: C3H6N6O6 ​
Oxygen Balance Formula: OB(%)=[(Mw)(O−2C−H/2)/MM]×100 = −21.6%

where:
Mw​ = Molar mass of oxygen (16 g/mol)
MM = Molar mass of the explosive compound (222.0 g/mol)
c) (3 p) Use the Kistiakowsky-Wilson rules provided in the table below to determine the decomposition products of RDX (C3H6N6O6).

KISTIAKOWSKY-WILSON RULES


	Rule
	Conditions

	1
	C atoms converted to CO                                       

	2
	Remaining O oxidases H to H2O

	3
	Still remaining O, oxidises CO to CO2

	4
	All N converted to N2 











	C3H6N6O6     3 CO +  3 H2O  +  3 N2


QUESTION 8: 							(12 points total)
The phase diagram of an unknown compound X, is shown below: 
[image: A grid of white dots

Description automatically generated]
a) [bookmark: _Hlk118728872](2 p) Draw a generic phase diagram and label the states of matter in the appropriate sections on the phase diagram above.
[image: ]
b) (2 p) In the phase diagram for compound X, identify the phase changes between points A - B and B - D.
A-B: sublimation, deposition; B-D : evaporation, condensation
c) (2 p) Determine temperature and pressure for these specific points: normal melting point, normal boiling point,  triple point, and critical point.
MP=10 degC; BP=45 degC, TP=0.5 atm and 7 degC; CP=1.75 atm and 51 degC
d) (3 p) How can the phase diagrams help to identify the safe temperature and pressure ranges for storing explosive materials to prevent uncontrolled detonation?
Phase diagrams help identify the safe temperature and pressure ranges where explosive materials remain stable, preventing dangerous phase transitions like melting or sublimation. By avoiding critical points and phase boundaries, such as the triple point or decomposition regions, the risk of instability or detonation is minimised. Storing explosives within the stable phase zone ensures their integrity and reduces hazards.
e) (3 p) How can the phase diagram be used to predict the strength of intermolecular forces in various substances?
A phase diagram illustrates the strength of intermolecular forces by showing the temperature and pressure required for phase transitions. Substances with stronger intermolecular forces have higher melting and boiling points, meaning more energy is needed to move between solid, liquid, and gas phases. The position of phase boundaries reflects the energy required to overcome these forces.
QUESTION 9: 							(9 points total)
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) (3 p) Sketch the reaction profile showing the reactants, products, activated complex, and their corresponding energy values. 
[image: A diagram of a reaction
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b) (2 p) Calculate the enthalpy of detonation and the activation energy. Show both of them in the reaction profile. 
Enthalpy of detonation = 200 – 100 = -100 kJ
Activation energy = 350 – 200 = 150 kJ
c) (4 p) What are three main factors that affect the rate of reaction? Explain the effect of each factor in terms of the Arrhenius equation.  
Three main factors affecting the rate of reaction are: 
1. Temperature: According to the Arrhenius equation, as temperature increases, the rate constant k increases, because more molecules have enough energy to overcome the activation energy barrier.
2. Concentration: Higher concentration leads to more collisions between reactant molecules, increasing the likelihood of overcoming the activation energy, indirectly raising the reaction rate.
3. Catalyst: A catalyst lowers the activation energy Ea, increasing k and speeding up the reaction without changing the temperature.

QUESTION 10:								(5 points total)
A 250 g sample of TNT (C7H5N2O6) is burned in a bomb calorimeter containing 500 g of water at an initial temperature of 20.0 C. The heat capacity of the calorimeter is 420 J/C. Once the reaction is completed, final temperature of the water and calorimeter increased to 24.0 C. Using these data, calculate the heat of combustion of TNT in kJ/mol. The specific heat of water is 4.184 J/g-C.
Q = m   T  cp 
Q water + Q calorimeter = -Q TNT
(m   T  cp ) water  + (T  Cpc ) calorimeter  = -Q TNT 
Q TNT = -(500  (24.0 – 20.0)  4.18) + ((24.0 – 20.0) x 420) = -10.0 kJ
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